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Zusammenfassung 
Die vorliegende Arbeit befasst sich mit der Synthese und dem Mizellbildungsverhalten von 
linearen Blockcopolymeren auf Methacrylatbasis synthetisiert mittels der kontrolliert 
radikalischen Polymerisation unter Anwendung der „atom transfer radical polymerisation“ 
(ATRP). Ziel war es lineare Blockcopolymere mit gleichem Molekulargewicht aber 
unterschiedlicher Mikrostruktur zu synthetisieren und den Einfluss der Mikrostruktur auf 
das Mizellbildungsverhalten zu analysieren. Die Synthesestrategie sollte dabei universell 
auf Monomerenpaare unterschiedlicher Amphiphilie anwendbar sein und zwecks 
definierter Blockstrukturen auf der Verwendung von Makroinitiatoren basieren. Aufgrund 
des amphiphilen Charakters der Blockcopolymere findet in selektiven Lösungsmitteln eine 
Selbstaggregation statt, die im Idealfall zu sphärischen Mizellen führt. Die Mizellbildung 
wird dabei stark von den physikalischen Eigenschaften der verwendeten Monomere und 
dem Molekulargewicht bzw. der Mikrostruktur der Blockcopolymere geprägt. 
 
Symmetrische wohl definierte P(MMA)-b-P(MAA) / P(BMA)-b-P(MAA) Diblock- sowie 
P(MMA)-b-P(MMA-stat-MAA)-b-P(MAA) / P(BMA)-b-P(BMA-stat-MAA)-b-P(MAA) 
Triblockcopolymere mit einem Molekulargewicht von maximal 7000 g/mol wurden mit 
Hilfe der ATRP synthetisiert. Da Methacrylsäure nicht direkt per ATRP polymerisierbar 
ist, wurde das tert-Butyl analoge Monomer verwendet. Somit wurden Di- und 
Triblockcopolymere in einer dreistufigen Synthese dargestellt; angefangen mit der  
Synthese des Makroinitiators, gefolgt von der Umsetzung zu den entprechenden Di- / 
Triblockcopolymeren und beendet durch die säure-katalysierte Entfernung der tert-Butyl-
Schutzgruppe und Darstellung der freien Säure. Das Assoziationsverhalten der vollständig 
neutralisierten Blockcopolymere wurde in wässrigen Lösungen mittels 
Polyelektrolyttitration, Fluoreszenzspektroskopie, dynamischer Lichtstreuung sowie 
Rasterkraftmikroskopie untersucht. Dabei stellte sich heraus, dass BMA / MAA 
Blockcopolymere zu einer spontanen Selbstorganisation neigen und Mizellen mit einer 
monomodalen Größenverteilung bilden. Im Falle von MMA / MAA fand keine 
Selbstorganisation statt. Die Blockcopolymere waren unimolekular gelöst und 
Selbstaggregation trat erst nach Erhöhung der Ionenstärke durch Zugabe von 
Natriumchlorid auf. In beiden Fällen reduzierte sich der hydrodynamische Radius der 
Mizellen vom Di- zum Triblockcopolymeren. Dies wurde mit der Anordnung des 
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statistischen Mittelblockes an der Grenzfläche zwischen hydrophoben Kern und 
hydrophiler Hülle begründet. 
Da bei Triblockcopolymeren mit niedrigem Molekulargewicht (7000 g/mol) der Effekt des 
statistischen Mittelblockes auf das Mizellbildungsverhalten sehr gering ausfiel, wurde die 
Synthese der Di- und Triblockcopolymere dahingehend angepasst, dass das 
Molekulargewicht auf 40.000 g/mol erhöht wurde. Symmetrische P(BMA)-b-P(MAA) und 
P(BMA)-b-P(BMA-stat-MAA)-b-P(MAA) Blcokcopolymere wurden mit Hilfe der ATRP 
synthetisiert und mittels Fluoreszensspektoskopie, dynamischer Lichtstreuung und 
Rasterkraftmikroskopie hinsichtlich der kritischen Mizellkonzentration, dem 
hydrodynamischen Radius und der Morphologie untersucht. Dabei stellte sich heraus, dass 
die Änderung der Mikrostruktur keinen Einfluss auf die kritische Mizellkonzentration wohl 
aber auf den hydrodynamischen Radius hatte. Insgesamt nahm der hydrodynamische 
Radius vom Di- zum Triblockcopolymeren von 55 auf 38 nm um 33 % ab. Die Abnahme 
um ein Drittel repräsentiert die Länge des statistischen Mittelblockes im 
Triblockcopolymer. Die Reduzierung des hydrodynamischen Radius ist daher auf die 
vollständige Orientierung des statistischen Mittelblockes an der Grenzfläche Kern / Hülle 
zurück zu führen. Die Rasterkraftmikroskopie bestätigte die Größenverhältnisse und zeigte 
die späherische Morphologie der Mizellen auf. 
Ein weiteres Ziel der Dissertation war es, die Synthesestrategie auf weitere Mikrostrukturen 
auszuweiten. Hierfür wurden Gradientencopolymere aus t-BuMA / BMA mit Hilfe eines 
computergesteuerten Zudosierungsprogrammes via ATRP in einem Semi-Batch Verfahren 
hergestellt. Die Gradientencopolymere zeichneten sich durch ihre strikte Linearität aus, 
wobei die Steilheit des Gradienten entlang der Polymerkette frei durch das 
Zudosierungsprogramm gewählt werden konnte. Das Zudosierungsprogramm basierte 
dabei auf den Copolymerisationparametern sowie den Geschwindigkeitskonstanten der 
Monomeren. Insgesamt drei unterschiedliche wohl definierte und strikt lineare 
Gradientencopolymere wurden erfolgreich synthetisiert und bieten die Basis für die 
Synthese von Triblockcopolymeren mit einem Gradientencopolymermittelblock. 
Die Synthesestrategie der Di- und Triblockcopolymere wurde zudem auf die Synthese von 
doppelhydrophilen Blockcopolymeren ausgeweitet. Zeigten die bis dato synthetisierten 
Polymere einen stark amphiphilen Charakter, so sollen durch die Verwendung der 
Monomerenpaare HEMA-TMS / t-BuMA und MEO2MA / t-BuMA wasserlösliche 
doppelhydrophile Blockcopolymere synthetisiert werden. Den schwierigsten 
Reaktionsschritt stellte dabei die Entschützung der t-BuMA Segmente dar. Im Falle der 
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Blockcopolymere aus HEMA-TMS / t-BuMA konnte die säurekatalysierte Entfernung der 
Schutzgruppe nicht ohne Quervernetzung durchgeführt werden. Daher wurde alternativ das 
Monomerenpaar MEO2MA / t-BuMA verwendet. Die Entfernung der Schutzgruppe konnte 
hierbei ohne Probleme durchgeführt werden, so dass wohl definierte P(MEO2MA)-b-
P(MAA) Di- und P(MEO2MA)-b-P(MEO2MA-stat-MAA)-b-P(MAA) Triblockcopolymere 
mit einem Molekulargewicht von ca. 7000 g/mol via ATRP synthetisiert werden konnten. 
Die Blockopolymere zeichneten sich durch pH Sensitivität der P(MAA) und einer unteren 
kritischen Entmischungstemperatur der P(MEO2MA)-Segmente aus und zählen daher zu 
„double stimuli responsive“ doppelhydrophilen Blockcopolymeren. 
Das Wissen um die Beeinflussung der Mizellbildung wurde genutzt, um schaltbare 
Oberflächen mit unterschiedlichem Benetzungsverhalten zu generieren. Ziel war es 
metastabile Mizellen zu erzeugen, die bei einer Temperaturerhöhung eine Inversion bzw. 
ein Aufbrechen der mizellaren Strukturen aufzeigen. Dies wurde durch eine Verminderung 
des Neutralisierungsgrades der P(MAA)-Segmente erreicht. Die Herstellung der 
metastabilen mizellaren Lösung erfolgte in einem vierstufigen Prozess, der das Auflösen 
der Blockcopolymere in THF, die Zugabe von Wasser bis zum Ausfallen der Polymere, die 
Erhitzung der Lösung und letztendlich die Einstellung des Neutralisierungsgrades 
beinhaltete. Diese Lösungen wurden per Spin-coating auf eine Siliziumoberfläche 
aufgebracht und per Kontaktwinkelanalyse sowie Rasterkraftmikroskopie untersucht. Der 
makroskopische Effekt konnte sehr gut in der Änderung des statischen Kontaktwinkels 
beobachtet werden. Dieser erhöhte sich signifikant, nachdem die Siliziumoberfläche 
kurzzeitig auf 170 °C erhitzt worden war. Im Rasterkraftmikroskop zeigte sich nach der 
Temperierung der Probe eine deutliche Kontrasterhöhung, wobei die mizellaren Strukturen 
nicht verschwanden. Dies lässt Rückschluß zu, dass eine Inversion der Mizellen 
stattgefunden hat. 
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Summary 
This dissertation is concerned with the synthesis and micellisation behaviour of linear block 
copolymers based on methacrylates by means of the modern controlled radical 
polymerisation technique, namely the atom transfer radical polymerisation (ATRP). The 
objective was the synthesis of linear block copolymers with different microstructure but 
same molecular weight. The chosen synthesis strategy should be applicable for various 
monomer pairs with different polarities and should include the use of macroinitiators due to 
a defined formation of the block copolymers. In selective solvents the amphiphilic structure 
induced self-aggregation of the block copolymers, ideally with the formation of spherical 
micelles. Thereby, micellisation behaviour was strongly dependent on the physical 
properties of the used monomer pair and the molecular weight and microstructure of the 
block copolymers. 
 
Symmetric diblock copolymers P(MAA)-b-P(MMA) and (P(MAA)-b-P(BMA)), and 
triblock copolymers, P(MAA)-b-P(MAA-co-MMA)-b-P(MMA) and P(MAA)-b-P(MAA-
co-BMA)-b-P(BMA), were synthesised via ATRP of MMA and t-BuMA as well as of 
BMA and t-BuMA with an overall molecular weight of max. 7000 g/mol, followed by acid 
catalysed cleavage of the P(t-BuMA) block. The association behaviour of the fully 
neutralised block copolymers was studied in water via polyelectrolyte titration, 
fluorescence spectroscopy, dynamic light scattering and scanning force microscopy. The 
P(BMA) block copolymers self associated spontaneously and formed uniform micelles 
whereas for P(MMA) block copolymers an increase in ionic strength of the solution by 
addition of salt was necessary to induce aggregation. For both types of block copolymers 
the hydrodynamic radius of the micelles decreased from di- to triblock copolymer which 
was attributed to a different conformation of the random middle block of the triblock 
copolymers at the core corona interface. 
Due to the low molecular weight of the block copolymers an effect of the microstructure on 
the critical micelle concentration or the size of the micelle were hardly detectable. To 
intensify these effects, the synthesis was adapted to a final molecular weight of 40.000 
g/mol. Symmetrical P(BMA)-b-P(MAA) di- and P(BMA)-b-P(BMA-co-MAA)-b-P(MAA) 
triblock copolymers were synthesised via ATRP and analysed by fluorescence 
spectroscopy, dynamic light scattering and scanning force microscopy concerning the 
critical micelle concentration, hydrodynamic radius and morphology of the micelles. 
20 Summary  
Whereas no effect of the microstructure on the critical micelle concentration could be 
detected, the hydrodynamic radius decreased from di- to triblock copolymer from 55 to 38 
nm. The decrease of about 33 % corresponds to the length of the random middle block 
within the triblock copolymer so that the reduction in hydrodynamic radius was caused by a 
complete orientation of the random middle block at the core corona interface. Finally, the 
scanning force microscopy approved the size differences between the di- and triblock 
copolymer and visualised the spherical structure of the micelles. 
A further aim of this thesis was the extension of microstructures synthesised by ATRP. 
Therefore, gradient copolymers of t-BuMA / BMA with highly constant compositional 
gradients along the polymer chain were synthesised by means of semibatch atom transfer 
radical polymerisation using a pre-calculated monomer addition program. The addition 
program was based on the reactivity ratio of t-BuMA / n-BMA and the effective rate 
constant function k(fn-BMA) determined in pilot experiments. Gradient copolymers with 
three different values of the compositional gradient have been synthesised. The evolution of 
molecular weight and compositional gradient were determined via size exclusion 
chromatography and 1H-NMR spectroscopy for the gradient copolymers P(t-BuMA160-
grad-BMA100), P(t-BuMA162-grad-BMA73) and P(t-BuMA159-grad-BMA44), respectively.  
Besides block copolymers with a strong amphiphilic character, the same synthesis strategy 
was used to create double hydrophilic block copolymers, too. The chosen monomer pairs 
HEMA-TMS / t-BuMA and MEO2MA / t-BuMA should result in block copolymers with 
minimised hydrophobic character and direct solubility in water. The key reaction turned out 
to be the last reaction step, the deprotection of the t-BuMA segments. In case of the block 
copolymers out of HEMA-TMS / t-BuMA, it was impossible to deprotect the polymers 
without that cross-linking reactions ocurred, so that HEMA-TMS was exchanged by 
MEO2MA. Here, the deprotection reaction could be carried out without any problems so 
that well defined P(MEO2MA)-b-P(MAA) di- and P(MEO2MA)-b-P(MEO2MA-co-MAA)-
b-P(MAA) triblock copolymers with a number average molecular weight of around 7000 
g/mol were synthesised. Additionally, the resulting double hydrophilic block copolymers 
were double stimuli responsive towards pH (PMAA-segments) and temperature 
(PMEO2MA- segments). 
Finally, the knowledge about the influence on the micellisation behaviour was used to 
generate switchable surfaces with changing wettability. The concept was based on the use 
of metastable micelles which should undergo inversion or break up of the micellar structure 
by temperature stimulus. This was achieved via decreasing the degree of neutralisation of 
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the P(MAA) segments. The formation of metastable micelles was assured in a four-stage 
process. First, the block copolymers were dissolved in THF, followed by addition of water 
up to the point where the block copolymer percipitated, heating up of the polymer solution 
and finally adjustment of the neutralisation degree. The received solutions were spin coated 
on activated silica and analysed via static contact angle and scanning force microscopy 
measurements. The macroscopic effect could be detected by the static contact angle which 
increased significantly after tempering the silicon wafer for a short time at 170 °C. The 
rearrangement of the micelles by temperature stimulus was analysed via scanning force 
microscopy. It was demonstrated that no break up, but an inversion of the micellar structure 
occurred. 
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Chapter 1: Introduction 
Block copolymers are macromolecules with linear or nonlinear architecture consisting of 
two or more different blocks with varying monomer composition. Due to incompatibility of 
the different blocks, self association occurs in bulk as well as in selective solutions.1 These 
well defined structures provide the basis for applications ranging from thermoplastic 
elastomers, information storage and drug delivery to photonic materials.2 Therefore, over 
the last decades continuous investigation has taken place to develop enhanced synthesis 
strategies, to control self-assembly and external response and to transfer these abilities of 
the block copolymers to new applications. This introduction is concerned with an overview 
of the controlled radical polymerisation techniques, the synthesis of amphiphilic block 
copolymers with (meth)acrylic acid segments and the micellar properties of block 
copolymers. 
 
1.1 Controlled Radical Polymerisation (CRP) 
Free radical polymerisation presents the most versatile method for polymer synthesis with 
regard to its compatibility with a wide range of monomers, functionalities and to its low 
sensitivity towards impurities and oxygen. The main drawback of this technique is the lack 
of control over molecular weight and microstructure / architecture due to the high radical 
concentration during the polymerisation process and thus the occurrence of irreversible 
termination reactions like disproprotionation, recombination or chain transfer reactions.3 In 
contrast to free radical polymerisation, anionic living polymerisation techniques enable the 
control over molecular weight and architecture with very low polydispersities of the 
synthesised polymers.4 Simultaneously, the technique is limited concerning the choice of 
monomer and functional groups and is very sensitive towards traces of oxygen and water 
resulting in a very extensive experimental setup. The controlled radical polymerisation 
techniques combine advantages of the living polymerisation techniques with those of the 
free radical polymerisation by decreasing the radical concentration during the 
polymerisation process significantly. The common key to control the radical polymerisation 
is originated from the reversible and rapid formation of dormant species which are in 
equilibrium with the propagating radicals.  
First reported controlled radical polymerisation technique was the nitroxide mediated 
controlled radical polymerisation (NMP).5 In the beginning the polymerisation was initiated 
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by a typical bimolecular initiating system (e.g. benzoyl peroxide) and a nitroxide radical as 
stable free radical (e.g. 2,2,6,6-tetramethyl-1-peperidinyloxy (TEMPO)).6 During bulk 
polymerisation benzoyl radicals were formed, at elevated temperature, which react with 
monomers via a radical addition reaction. By a reversible termination reaction of the 
growing polymer chain with a nitoxide radical such as TEMPO, a control of the 
polymerisation reaction was achieved. However, this technique was not efficient regarding 
to the initiation process so that unimolecular initiators (alkoxy amines) were synthesised 
which implied the initiator radical and the nitroxide radical in the same molecule          
(Scheme 1).7  
 
 
Scheme 1: Nitroxide mediated polymerisation initiated by alkoxy amines  
 
The thermolytical unstable C-O bond decomposes on heating so that the initiator (2) and 
the stable free radical (3) were formed in one step. By this technique, a variety of 
monomers like styrenes, (meth)acrylates, acrylamides, dienes and acrylonitril were 
polymerised up to a molecular weight of 150.000 to 200.000 g/mol. 
Another controlled radical polymerisation technique is the so called reversible addition-
fragmentation chain transfer (RAFT) polymerisation which was developed by Rizzardo et. 
al.8 In analogy to the NMP, in the RAFT process the polymerisation is initiated by a 
conventional free radical initiator (Scheme 2). Additionally, a suitable chain transfer agent 
(CTA, 6) is present which typically possesses a thiocarbonylthio group (S=C(-S-R)(-Z)) 
with substituents R and Z, that impact the reaction kinetics and importantly, the degree of 
the structural control. Unlike conventional polymerisation in which all growing chains, P•, 
are formed by addition of initiator-derived radicals (4) to the monomer, in RAFT 
polymerisation almost exclusively CTA-derived chains, Pm• (11) are formed. The latter is 
originated from R• (9) which is a fragmentation product of the intermediate 7. In RAFT 
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polymerisation the “pre-equilibrium”, shown in Scheme 2, is distinguished from the “main 
equilibrium”.9 For synthesis of well defined polymers with RAFT polymerisation i) a rapid 
establishment of the pre-equilibrium, ii) an efficient re-initiation by the R• fragment and iii) 
an attainment of the main equilibrium in which the population of dormant chains and/or 
intermediate radicals (7,12) is much higher than the total number of propagating chains Pn• 
(5) and Pm• (11), is necessary. 
 
 
Scheme 2: Principle of the reversible addition-fragmentation chain transfer polymerisation 
 
Recapitulatory, the RAFT process presents a very robust polymerisation technique. 
Application of a vaccum line, an inert atmosphere or of extra pure solvents is not required. 
Additionally, it is the only described technique which provides the controlled 
polymerisation of (meth)acrylic acid without the use of protective groups.10 The main 
disadvantages are i) the smell and red to pink colour of the CTA which remains partly 
within the products and ii) that a specific CTA agent must be selected for each monomer in 
order to obtain both a reasonable propagation rate 
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The third described method is the atom transfer radical polymerisation (ATRP).11,12 It is 
derived from the atom transfer radical addition which targets the formation of 1:1 adducts 
of alkyl halides and alkenes, catalysed by transition metal complexes.13 In ATRP, the 
catalyst system CuX / Ligand (X = halogen) in the presence of activated alkyl halides as 
initiators is mainly used (Scheme 3). 
 
 
Scheme 3: Principle of the atom transfer radical polymerisation 
 
Typical ligands are multidentate ligands based on amines, imines, or pyridine.14,,15 
Mechanistically, ATRP is based on an electron transfer process, which involves a reversible 
(pseudo)halogen homolytic transfer between a dormant species, an added initiator or the 
propagating dormant chain end, (R-X, 14) and a transition metal complex in the lower 
oxidation state (Mtn-Y/ligand, 15). The electron transfer results in formation of a 
propagating radical (R•, 16) and in oxidation of the metal complex to the higher oxidation 
state with a coordinated halide ligand (X-Mtn+1-Y/ligand, 17). The active radical is formed 
at a rate of activation (kact), subsequently propagates with a rate of polymerisation (kp) and 
reversibly deactivates (kdeact) to the dormant species.16 Additionally, in the beginning and 
end of polymerisation, termination reaction occur (kt), mainly disproportionation or radical 
coupling reactions. As the reaction progresses, termination is diminished as a result of the 
persistent radical effect (PRE) and the equilibrium is strongly shifted towards the dormant 
species (kact << kdeact).17 The main advantage of the ATRP is the ease of preparation and the 
universal application of a chosen catalyst system to a variety of (meth)acrylates and 
styrenes. Simultaneously, the copper catalyst which is used in equivalents instead of 
catylytic amounts, presents also a disadvantage. Therfore, an upscaling of the ATRP 
especially for low molecular weight polymers is expensive. That is why new initiating 
systems like the activator generated by electron transfer (AGET)18,19 or activator 
regenerated by electron transfer (ARGET)20,21 were developed to reduce significantly the 
amount of catalyst needed for the reaction. 
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1.2 Synthesis of amphiphilic block copolymers with 
(meth)acrylic acid segments 
Amphiphilic block copolymers are molecules which possess an affinity to two different 
types of environment. The incompatibility of the two blocks linked covalently forces the 
block copolymer to form domains in which their contact is minimised and coerce the 
polymer to attain a preferential orientation. Thus, self-organisation at interfaces or in 
solution is observed providing the basis for changing the interfacial properties.22 An 
example are block copolymers with (meth)acrylic acid segments as the second block which 
induce an amphiphilic character.23 The hydrophilicity of the (meth)acrylic acid block can be 
influenced by the degree of neutralisation of the carboxylic acid groups. Under acidic 
conditions (pH ≤ 4) the poly((meth)acrylic acid) block exists in the protonated less 
hydrophilic form whereas the deprotonated form is present at higher pH (pH ≥ 4) and the 
polymer becomes water soluble. As block copolymers with (meth)acrylic acid segments 
contain negatively charged carboxylate groups, they belong to the class of polyelectrolyte 
block copolymers. 
Beside living polymerisation techniques, the recent development in CRP methods has 
provided the most popular methodologies to synthesise block copolymers with 
(meth)acrylic acid segments. Especially, RAFT polymerisation is the only technique which 
enables direct polymerisation of (meth)acrylic acid monomers. The synthesis of block 
copolymerisation with a poly((meth)acrylic acid) block has been reported for e.g. 
poly(n-butyl acrylate)-b-poly(acrylic acid)24 using 1-phenylethyldithiobenzoate as CTF 
agent, poly(N-isopropylacrylamid)-b-poly(acrylic acid)25 prepared with 1-cyanoethyl-2-
pyrolidone-1-carbodithioate or poly(styrene)-b-poly(methacrylic acid)26 synthesised via the 
MADIX (macromolecular design by interchange of xanthate) polymerisation technique; a 
technique which is strongly related to the RAFT process.27  
In case of the NMP the use of acrylic monomers and especially methacrylates suffers from 
the speed of deactivation by accumulation of the nitroxide radicals which slow down or 
even prevent polymerisation. Addition of a proper amount of initiator is necessary to 
increase the rate of polymerisation.28 Thus, only a few examples for the synthesis of 
polymers containing (meth)acrylic acid segments are reported, for e.g. well defined block 
copolymers containing poly(tert-butyl acrylate) by the use of di-tert-butyl nitroxide.29  
A controlled polymerisation of (meth)acrylic acid monomers by ATRP is also problematic, 
because the acidic monomer can poison the catalyst by coordination to the transition metal. 
Additionally, the nitrogen based ligand can be protonated which hinders the coordination at 
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the transition metal complex.14 Therefore, mainly monomers with protected carboxylic 
groups are used in ATRP (Figure 1). Thereby, tert-butyl protected (meth)acrylic acid are 
primarily used in block copolymer synthesis e.g. poly(styrene)-b-poly(tert-butyl 
methacrylate)30 and poly(methyl acrylate)-b-poly(tert-butyl acrylate)31 as well as for double 
hydrophilic block copolymer poly(ethylene oxide)-b-poly(tert-butyl acrylate).32 The 
deprotection to receive the poly((meth)acrylic acid) segments takes place under acidic 
conditions by isobutylene expulsion in i) p-toluenesulfonic acid / toluene at 100 – 110 °C 
for 8 – 24 h,33 ii) HCl / dioxane at 85 °C for 5h34 or iii) a 5 to 10 fold excess of 
trifluoroacetic acid / dichlormethane at room temperature for 24h.35  
 
 
Figure 1: Protected (meth)acrylic acid monomers used in atom transfer radical polymerisation 
 
Milder reaction conditions for removing the protective groups are found for trimetylsilyl 
(TMSMA) and 2-tetrahydropyranyl (THPMA) protected (meth)acrylates.36,37 Here 
quantitative removal of the protective groups was reported by acid hydrolysis (0.1M HCl) 
at room temperature.38,39 Alternatively, THPMA can be removed by thermolysis at 140 °C 
under dynamic vacuum for 24 h.40 The same reaction conditions are found for 1-
(ethoxy)ethyl (EEMA) and 1-(butoxy)ethyl methacrylate (BEMA) based block 
copolymers.41,42 Basic instead of acid conditions are used in order to deprotect 
p-nitrophenyl methacrylate (PNPMA). 1 M KOH in ethanol added to a THF block 
copolymer solution, reflux for 24 h and neutralisation with hydrogen chloride is applied for 
quantitative deprotection.43 Neither basic nor acid conditions are necessary if benzyl 
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methacrylate is used in block copolymerisation. The effective deprotection is carried out 
under neutral conditions by hydrogenolysis, using a Pd/C-H2 catalyst.44  
The huge variety of protected (meth)acrylic acid monomers offers the chance to tailor made 
well-defined amphiphilic block copolymers. Depending on the constitution of the block 
copolymer, the appropriate protected monomer can be chosen, so that an effective removal 
of the protective group without side reactions can be carried out. 
1.3 Micellar properties of amphiphilic block copolymers 
A selective solvent for an amphiphilic block copolymer is a thermodynamical good solvent 
for one block and a precipitant for the other so that by dissolution of the block copolymer in 
a selective solvent association in reversibly micellar structures occurs.45 These block 
copolymer micelles consist of a more or less swollen core of the insoluble blocks 
surrounded by a flexible shell of the soluble block.46 The formed micelles have mainly a 
spherical character, a narrow particle size distribution and show similar physical properties 
like low molecular weight surfactants. 
From the thermodynamic point of view two models of association for block copolymer 
micelles can be distinguished.47 In the open association model several equilibria exist 
described by the equations 1a-d. 
 
211 MMM ↔+           (1a) 
312 MMM ↔+           (1b) 
413 MMM ↔+           (1c) 
……………… 
1p1p MMM +↔+           (1d) 
 
Depending on the relative values of the individual equilibration constants, supramolecular 
species (M2, M3, …,Mp) with different number p of unimers can be present within the 
solution simultaneously. 
In the closed association model only one equilibrium is present between the unimers in 
solution and the aggregates (micelles) (Eq. 2). Thus, the micelles have a well-defined 
aggregation number p and low polydispersity in molecular weight and size.  
p11 )(MpM ↔           (2) 
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The position of the equilibrium in a selective solvent is dependent on the concentration of 
the block copolymers and solution temperature. Experiments have shown that block 
copolymers mainly obliged to the closed association model.46 Whether the open or closed 
association model describes the aggregation behaviour of block copolymers can be 
determined by plotting the apparent average molecular weight of the aggregates against the 
concentration of block copolymer in solution (Figure 2). In the open association model a 
continuous change of the molecular weight with concentration occurs. Two regions can be 
distinguished, region II and region III. In Region II the molecular weight increases with 
increasing polymer concentration because the aggregation number of the particle increases 
and the equilibrium is shifted towards higher molecular weight aggregates.  
 
 
Figure 2: Concentration dependence of the reciprocal molecular weight in associating system 
obeying the model of open (left) and closed (right) association 
 
In Region III only the concentration of aggregates increases with increasing block 
copolymer concentration. Here, the maximum aggregation number and molecular weight of 
the aggregates is reached. For the closed association model a third region is typically. In 
region I the block copolymer is unimolecularly dissolved and no self-association occurs. By 
reaching a specific concentration, the so called critical micelle concentration (CMC), an 
abrupt increase in molecular weight of the micelles takes place. The concentration range of 
region II is decreased in comparison to the open association model. Region III is identically 
for both models. Here only the micelle concentration enhances when the block copolymer 
concentration is raised. In the end the existence of a CMC discerned the closed from the 
open association model.  
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In the simplest case the morphology of the micelles is spherically. Depending on the length 
of the core and shell forming block two different types of spherical micelles can be 
distinguished (Figure 3).48 
 
 
Figure 3: Schematic representation of diblock copolymer „hairy“ (left) and „crew-cut“ (right) 
micelles in selective solvent for the A block. Rc = core radius, L: shell thickness 
 
“Hairy” micelles possess a long soluble block forming the corona whereas “crew-cut” 
micelles have a short soluble block.49,50 Beside the core radius and the thickness of the 
shell, the micellar system is additionally characterised by: 
• CMC and CMT, respectively the critical micelle concentration and the critical 
micelle temperature 
• Radius of gyration Rg and hydrodynamic radius Rh 
• The ratio Rg/Rh giving information about the shape of the aggregates 
• Aggregation number Z, which is the average number of block unimers per micelle 
• Molecular weight of the micelle Mm
 
which is useful to determine the aggregation 
number by dividing Mn by the number average molecular weight of the block 
copolymer 
Various scattering, spectroscopic and physical techniques were used in order to characterise 
the micellar system. For the determination of the CMC mainly fluorescence or dye 
solublilisation techniques as well as surface tension measurements were utilised.51,52,53 The 
main problem in some cases is the extreme low CMC of the block copolymers so that the 
applied technique has to be sensitive enough in order to determine the CMC clearly. 
Microscopic techniques like transition electron microscopy (TEM) and atomic force 
microscopy give important information about the morphology.54,55 In case of TEM 
measurements especially the “cryo” technique has enhanced the investigation of micelles as 
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the complicated staining of the block copolymer micelle is prevented.56 Additionally, due to 
the rapid freezing of the sample by liquid nitrogen the spiceman represents a collection of 
micelles similar to their state in solution. For SFM measurements the taken pictures 
represent the micelle in a collapsed state, i.e., an almost two-dimensional replica of the 
three-dimensional micelles so that semiquantitative information about the morphology and 
size are obtained. For the determination of size and molecular weight scattering techniques 
are powerful investigation methods, because the characteristic parameters are measured in 
solution. Via dynamic light scattering the hydrodynamic radius Rh can be calculated by 
determination of the diffusion coefficient.57 Rh is received by extrapolation of the diffusion 
coefficient to infinite dilution D0 and resolving the Stokes-Einstein relation to Rh (Eq. 3). 
pi0
h 6D
kTR =            (3) 
In combination with static light scattering additional parameters like the second virial 
coefficient A2, the radius of gyration Rg and the weight average molecular weight Mw are 
calculated by the Zimm-Plot method.58 The ratio of Rh to Rg gives additional information 
about the morphology of the micelles.59  
For all investigation methods it is important that the unimers are in equilibrium with the 
micelles. Especially the low exchange rate between the unimers in solution and inside the 
micelles as well as a high glass transition temperature of the core forming block makes the 
preparation of micellar solution difficult.50 For this specific problem two different 
approaches are found in literature. If the glass transition temperature of the core forming 
block is below room temperature then direct dissolution of the block copolymer in a 
selective solvent by subsequently annealing process (thermal treatment, ultrasonic 
agitation) is successful.54,60 For block copolymer micelles with a high glass transition 
temperature of the core forming block a different preparation technique is used. Here, the 
block copolymer is dissolved in a non-selective solvent, which is a “good” solvent for both 
blocks, and then the conditions such as temperature or composition of the solvent are 
changed in the way that requires formation of micelles. A very elegant way to change the 
solvent composition is the dialysis technique.46 Here the solvent is gradually replaced by 
the selective solvent. Micellar solution prepared by the second technique contains so called 
“frozen micelles”. Even if the formation of large aggregates can be suppressed, it does not 
avoid the “freezing-in” of a given unimer-micelle equilibrium, e.g. by the formation of a 
“glassy” micellar core at a given temperature. During further analytical investigation this 
has to be kept in mind. 
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1.4 Contents of this thesis 
This thesis is concerned with the synthesis of linear amphiphilic block copolymers with 
different microstructure but same molecular weight, and the influence of the microstructure 
and the chosen monomer pairs on the micellar properties.  
 Chapter 1 (the present chapter) gives a short introduction on controlled radical 
polymerisation techniques, block copolymers with (meth)acrylic acid segments, micellar 
properties of block copolymers and presents the content of this work. 
 Chapter 2 displays the synthesis of linear A-b-B diblock and A-b-(A-co-B)-b-B 
triblock copolymers out of the monomer pairs MMA / MAA and BMA / MAA via ATRP 
with a maximum number average molecular weight of 7000 g/mol. Additionally, the 
micellar properties of the fully neutralised block copolymers with regard to the 
microstructure and monomer combination are investigated.  
 Chapter 3 deals with the synthesis of P(BMA)-b-P(MAA) and P(BMA)-b-P(BMA-
co-MAA)-b-PMAA di- and triblock copolymers via ATRP with an increased molecular 
weight of 40.000 g/mol. According to chapter 2 the influence of the microstructure on the 
micellar properties are investigated.  
 Chapter 4 outlines the synthesis of P(t-BuMA-grad-BMA) gradient copolymers with 
highly constant compositional gradients along the polymer chain by means of a semibatch 
ATRP using a pre-calculated monomer addition program. 
 Chapter 5 introduce the synthesis of A-b-B and A-b-(A-co-B)-b-B linear double 
hydrophilic single or double stimuli responsive block copolymers via ATRP out of the 
monomer pairs HEMA / MAA and MEO2MA / MAA.  
 Chapter 6 presents the application of metastable micelles for switchable surfaces. 
Within the chapter, the preparation and film formation of metastable micelles as well as 
macroscopic and microscopic effect of the changing surface wettability is investigated.  
 The Appendix describes the use of linear and star shaped multifunctional 
polyglycidols as ATRP initiators for the homopolymerisation of t-BuA and MA for the 
synthesis of grafted block copolymers and multi-arm star polymers. 
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Chapter 2: Synthesis and Association Behaviour of 
Linear Block Copolymers with Different 
Microstructures but Same Composition 
2.1 Introduction 
In the last two decades the fast development of controlled radical polymerisation (CRP) 
techniques like reversible addition-fragmentation chain transfer (RAFT)1, stable free radical 
polymerisation (SFRP),2,3 and atom transfer radical polymerisation (ATRP)4 have widened 
the opportunities for block copolymer synthesis. In opposition to living anionic 
polymerisation it is now possible to polymerise a large number of vinyl monomers under 
less demanding reaction conditions. Simultaneously, an increasing interest arised in the 
aggregation behaviour of block copolymers.5,6 In selective solvents block copolymers can 
form micelles whose properties can be tailored by the chemical nature, the molecular 
weight of each block7,8,9, solvent – block interactions10,11, the concentration12,13, the 
microstructure and / or architecture14,15 of the block copolymer. Especially, polyelectrolyte 
amphiphilic block copolymers possess due to their pH and ionic strength sensitivity a series 
of potential applications e.g. as polymeric surfactants for stabilisation of dispersions or as 
thickeners, coatings, drug delivery systems and as nanoreactors for nanoparticles.16,17,18,19,20  
First systematic investigations of polyelectrolyte block copolymers were done by Selb and 
Gallot.21 Later Eisenberg et al. did extensive research on poly(styrene)-b-poly(vinyl 
pyridine),22,23 poly(styrene)-b-poly(sodium acrylate)24,25 and poly(styrene)-b-poly(acrylic 
acid)26,27 polyelectrolyte block copolymers. Beside poly(styrene), also block copolymers 
containing P(MMA) were subject of intensive research activities. Tuzar and co-workers 
investigated the aggregation behaviour and influence of organic plastizers on 
poly(methyl methacrylate)-b-poly(acrylic acid) P(MMA)-b-P(AA) by NMR and SANS 
measurements28 whereas Wegner et al. studied for the same system the influence of chain 
length, salt concentration and mixtures of water with organic solvents on the association 
behaviour.29,30 Based on nonradiative energy transfer studies they demonstrated that low 
molecular weight P(MMA)-b-P(AA) is unimolecularly dissolved in aqueous solutions and 
aggregation only occurs by salt addition. 
Block copolymers with P(MAA) segments exhibit a different aggregation behaviour in 
comparison to the acrylic analogues. Recently, Gan et al. showed for the system P(MMA)-
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b-P(MAA) and P(MMA)-b-P(MAA)-b-P(MMA) by dynamic and static light scattering that 
i) uniform micelles are only obtained by direct dissolution of the block copolymers with 
short P(MMA) block and ii) due to the electrostatic repulsions of the polyelectrolyte shell 
the hydrodynamic radius increases with increasing neutralisation degree.31,32,33 Additionally 
the thermosensitivity of stimuli responsive diblock terpolymers comprising a first poly(A) 
block and as second block a random poly(B-co-C) block was studied by controlling the 
LCST of the statistical block.34,35  
Besides classical diblock copolymers, triblock copolymers of the type ABA were also 
subject of intensive investigations.36 However, less attention was given to triblock 
copolymers with a random (AB) middle block. Spontak et al. investigated systematically 
the effect of the random middle block on microphase separation during film formation.37,38 
Hadjichristidis and co-worker analysed how the micellisation properties are influenced by 
the microstructure of the triblock copolymers.39 They showed that the microstructure 
affects the size and the aggregation number of the formed micelles. This effect was 
assigned to the conformation of the middle block at the core-corona interface. 
In this work we investigated the association behaviour of low molecular weight block 
copolymers of the type A-b-B and A-b-(A-co-B)-b-B in water by polyelectrolyte titration, 
fluorescence spectroscopy, dynamic light scattering and scanning force microscopy. The 
main aim was to understand the influence of microstructure, salt addition and change in 
hydrophobicity and glass transition temperature of the core forming block on the 
micellisation behaviour. Therefore, we synthesised by ATRP di- and triblock copolymers 
with two different monomer pairs (MMA / MAA and BMA / MAA). The diblock 
copolymer synthesis of P(MAA)-b-P(MMA) is similar to the synthesis reported by Lemstra 
et al.40 whereas the synthesis of P(MAA)-b-P(BMA) was only reported via group transfer 
polymerisation technique.41 To our knowledge it is one of the first reports on the synthesis 
of the triblock copolymers consisting of P(MAA)-b-P(MAA-co-MMA)-b-P(MAA) and 
P(MAA)-b-P(MAA-co-BMA)-b-P(BMA) by ATRP. The characterisation of the block 
copolymers was accomplished by 1H NMR-, IR spectroscopy and polyelectrolyte titration. 
2.2 Experimental 
2.2.1 Materials 
Methyl methacrylate (MMA, 99%, Fluka), butyl methacrylate (BMA, 99%, Merck) and 
tert-butyl methacrylate (t-BuMA, 98%, Aldrich) were purified via column chromatography 
over Al2O3 (Fluka, type 5016A basic). Bipyridine (Bipy 99%, Acros), p-toluenesulfonyl 
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chloride, CuCl (97%, Fluka), dichloromethane (DCM, 99.9%, KMF), methylethylketone 
(MEK, 99.5%, Merck), trifluoracetic acid (TFA 99%, KMF), NaCl (99,8% KMF), pyrene 
(99%, Fluka), sodium hydroxide (1N Titrisol, Merck), hydrochloric acid (0.1 N Titrisol, 
Merck), tetrahydrofurane (THF, hplc-grade, KMF) and 1,2,6-di-tert-butyl-4-methylphenol 
(99%, Aldrich) were used without further purification. All reactions were carried out in 
argon atmosphere (Argon Westfalen AG, 4.6, dried over mole sieve (4Å) and potassium on 
aluminium oxide). 
2.2.2 Synthesis of P(t-BuMA)32-Cl 
FBSC (1.37 g, 7.03 x 10-3 mol), t-BuMA (50.0 g, 0.3516 mol), MEK (50 g) and Bipy 
(2.31g, 1.47 x 10-2 mol) were filled in a Schlenk tube. After complete dissolution of all 
components, CuCl (0.696 g, 7.03 x 10-3 mol) was added, the Schlenk tube was sealed with 
a rubber septum and immersed in an oil bath at 90 °C over a time period of 3.5 h. Samples 
were taken periodically with a syringe to investigate the kinetics. Therefore a few drops of 
the samples were diluted in 0.6 mL ice cold CDCl3 in order to determine the monomer 
conversion and the number average degree of polymerisation via 1H NMR spectroscopy 
using the peaks at δ = 1.5 ppm (-C(CH3)3 both for the polymer and the monomer), the peaks 
at δ = 5.5 and 6.5 ppm (CH2=CH- for the monomer) and for FBSC the peaks at δ = 7.90 
ppm (CH-aryl). The polymer samples were further characterised by SEC after removal of 
the copper complex by flash chromatography on a small Al2O3 column. 
The reaction was finally terminated at 50 % conversion by cooling the Schlenk tube to 
room temperature in a water jet, opening to atmosphere and quenching by addition of 
100 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in a methanol/water mixture (1/1 w). The polymer was collected by filtration and dried in 
high vacuum ( 25.0 g, 50% yield). Mn = 4500 g/mol determined via 1H NMR in CDCl3; 
Mn = 5000 g/mol, PDI = 1.20 determined via SEC in THF. The experimental conditions 
and the molecular characteristics of the macroinitiator is summarised in Table 1 and 2. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 7.90 (m, 2H, CH-aryl), δ = 7.20 (m, 2H, CH-aryl), 
δ = 1.60-2.10 (broad peak, 2H, CH2-backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 
(broad peak, 3H, CH3). 
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2.2.3 Synthesis of P(t-BuMA)17-b-P(t-BuMA10-co-MMA11)-Cl 
FBSC (0.586g, 3.0 x 10-3mol), MEK (15 g), t-BuMA (15.0 g, 0.105 mol) and Bipy (0.940 
g, 6.0 x 10-3 mol) were filled in a Schlenk tube. After complete dissolution of all 
components CuCl (0.298g, 3.0 x 10-3 mol) was added, the Schlenk tube was sealed with a 
rubber septum and immersed in an oil bath at 90 °C for 4h. After 35 % conversion of 
t-BuMA, MMA (7.0 g, 7.0 x 10-2 mol) and MEK (7.0 g) were added in order to start the 
polymerisation of the second random block. The molar ratio of both monomers in solution 
at the addition of the second monomer was 1:1. 
Samples were taken periodically with a syringe to investigate the kinetics. Therefore, a few 
drops of the samples were diluted in 0.6 mL ice cold CDCl3 in order to determine the 
monomer conversion and number average degree of polymerisation via 1H NMR 
spectroscopy using for t-BuMA the peaks at δ =1.5 ppm (-C(CH3)3 both for the polymer 
and the monomer) and at δ =  5.5 and 6.5 ppm (CH2=CH- for the monomer), for MMA the 
peaks at δ = 3.9 ppm (-OCH3 for the monomer and polymer) and for FBSC the peaks at δ = 
7.90 ppm (CH-aryl). The samples were further characterised by SEC after removal of the 
copper complex by flash chromatography on a small Al2O3 column. 
The reaction was finally terminated at 60 % conversion of t-BuMA by cooling the Schlenk 
tube to room temperature in a water jet, opening to atmosphere and quenching by addition 
of 100 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in a methanol/water mixture (1/1 w). The polymer was collected by filtration and dried 
under high vacuum (10.0 g, 59.0 % yield). Mn = 4800 g/mol determined via 1H NMR in 
CDCl3; Mn = 7300 g/mol, PDI = 1.20 determined via SEC in THF. The experimental 
conditions and the molecular characteristics of the macroinitiators are summarised in 
Table 1 and 2. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 7.90 (m, 2H, CH-aryl), δ = 7.20 (m, 2H, CH-aryl), 
δ = 3.90 (s, 3H, -OCH3), δ = 1.60-2.10 (broad peak, 2H P(MMA) and 2H P(t-BuMA), CH2-
backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H P(MMA) and 3H 
P(t-BuMA), CH3). 
 
2.2.4 Synthesis of P(t-BuMA)32-b-P(MMA)33 
P(t-BuMA)32-Cl (10.0 g, 2.22 x 10-3 mol) and MEK (20.0 g) were filled in a Schlenk tube 
and immersed in an oil bath at 90 °C. After complete dissolution of the macroinitiator, Bipy 
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(0.69 g, 4.44 x 10-3 mol), MEK (10.0 g), CuCl (0.22 g, 2.22 x 10-3mol) and MMA (8.88 g, 
8.88 x 10-2 mol) were added. 
Samples were taken periodically with a syringe to investigate the kinetics. Therefore, a few 
drops of the samples were diluted in 0.6 mL ice cold CDCl3 in order to determine the 
monomer conversion and number average degree of polymerisation via 1H NMR 
spectroscopy using for MMA the peaks at δ =3.9 ppm (-OCH3 for the monomer and 
polymer) and for FBSC the peaks at δ = 7.90 ppm (CH2-aryl). The samples were further 
characterised by SEC after removal of the copper complex by flash chromatography on a 
small Al2O3 column. 
The reaction was finally terminated at 82 % conversion of MMA by cooling the Schlenk 
tube to room temperature in a water jet, opening to atmosphere and quenching by addition 
of 100 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in pentane. The polymer was collected by filtration and dried in high vacuum (12.0 g, 
63.8% yield). Mn = 7800 g/mol via 1H NMR in CDCl3; Mn = 8800 g/mol, PDI = 1.18 
determined via SEC in THF. The experimental conditions and the molecular characteristics 
of the diblock copolymers are summarised in Table 1 and 2. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 7.90 (m, 2H, CH-aryl), δ = 7.20 (m, 2H, CH-aryl), 
δ = 3.90 (s, 3H, -OCH3), δ = 1.60-2.10 (broad peak, 2H P(MMA) and 2H P(t-BuMA), CH2-
backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H P(MMA) and 3H 
P(t-BuMA), CH3). 
 
2.2.5 Synthesis of P(t-BuMA)17-b-P(t-BuMA10-co-MMA11)-b-P(MMA)18 
P(t-BuMA)17-b-P(t-BuMA10-co-MMA11)-Cl (9.0 g, 1.09 x 10-3 mol) and MEK (20 g) were 
filled in Schlenck tube and immersed in an oil bath at 90 °C. After complete dissolution of 
the macroinitiator, CuCl (0.11 g, 1.09 x 10-3 mol), Bipy (0.34 g, 2.18 x 10-3 mol), MEK 
(7.0 g) and MMA (4.36 g, 4.36 x 10 -2 mol) were added. 
Samples were taken periodically with a syringe to investigate the kinetics. Therefore a few 
drops of the samples were diluted in 0.6 mL ice cold CDCl3 in order to determine the 
conversion and number average degree of polymerisation by 1H NMR spectroscopy using 
for MMA the peaks at δ =3.9 ppm (-OCH3 for the monomer and polymer) and for FBSC 
the peaks at δ = 7.90 ppm (CH-aryl). The samples were further characterised by SEC after 
removal of the copper complex by flash chromatography on a small Al2O3 column. The 
44 Synthesis and Association Behaviour of Linear … 
 
reaction was finally terminated at 82 % conversion of MMA by cooling the Schlenk tube to 
room temperature in a water jet, opening to atmosphere and quenching by addition of 
100 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in a methanol/water mixture (1/1 w). The polymer was collected by filtration and dried in 
high vacuum (10.82 g, 81.1% yield). Mn = 6600 g/mol via 1H NMR in CDCl3; Mn = 
10000 g/mol, PDI = 1.19 determined via SEC in THF. The experimental conditions and the 
molecular characteristics of the triblock copolymers are summarised in Table 1 and 2. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 7.90 (m, 2H, CH-aryl), δ = 7.20 (m, 2H, CH-aryl), 
δ = 3.90 (s, 3H, -OCH3), δ = 1.60-2.10 (broad peak, 2H P(MMA) and 2H P(t-BuMA), CH2-
backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H P(MMA) and 3H 
P(t-BuMA), CH3). 
 
2.2.6 Deprotection of the tert-Butyl Groups  
All deprotection experiments were performed according to the following procedure 
described for P(t-BuMA)32-b-P(MMA)33. To a polymer solution of P(t-BuMA)32-b-
P(MMA)33 (12.0 g, 4.92 x 10-2 mol ester) in DCM (120.0 g) a 5-fold molar excess of TFA 
(31.24 g, 0.274 mol with respect to the t-butyl groups)was added slowly. Afterwards, the 
reaction mixture was stirred for 24 h at room temperature. Thereby, the colour of the 
solution turned into slightly yellow. The excess reagents were removed by evaporation in 
vacuum. Finally, the received polymer was washed several times with water and dried in 
high vacuum (8.9 g, 96% yield). The deprotection was controlled by 1H NMR spectroscopy 
by disappearance of the t-butyl signal at 1.3-1.6 ppm. The molar ratio of MAA / MMA 
repeating units in the block copolymer was determined by 1H NMR spectroscopy and 
polyelectrolyte titration. Mn = 6030 g/mol via 1H NMR in MeOD. 
1
 H NMR (300 MHz, MeOD): δ (ppm) = 7.90 (m, 2H, CH-aryl), δ = 7.20 (m, 2H, CH-aryl), 
δ = 3.90 (s, 3H, -OCH3), δ = 1.60-2.10 (broad peak, 2H P(MMA) and 2H P(t-BuMA), CH2-
backbone), δ = 0.9-1.3 (broad peak, 3H P(MMA) and 3H P(t-BuMA), CH3). 
The following polymers were prepared by the same procedure: P(MAA)32-b-P(BMA)32, 
P(MAA)37-b-P(MAA8-co-BMA11)-b-P(BMA)18 and P(MAA)37-b-P(MAA8-co-BMA11)-b-
P(BMA)17. 
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2.2.7 Molecular Characterisation 
1H NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 MHz. 
Deuterated chloroform (CDCl3) or acetone ((CD3)2CO) were used as solvents, and 
tetramethylsilane (TMS) served as internal standard.  
Size exclusion chromatography (SEC) analysis were carried out using a high pressure 
liquid chromatography pump (Polymer Laboratories HPLC pump LC1120) and a refractive 
index detector (ERC 7515A) at 35 °C. The eluting solvent was tetrahydrofuran (THF, 
HPLC grade) with 250 mg/L 1,2,6-di-tert-butyl-4-methylphenol (Aldrich) and a flow rate 
of 1.0 mL/min. Four columns with MZ-DVB gel (5 µm, 300 mm, 50 Å, 100 Å, 1.000 Å, 
10.000 Å) were applied. The number-average molecular weight (Mn) and polydispersity 
index (PDI) were determined using polymethyl methacrylate standards calibration. 
IR measurements were performed on a Thermo Nicolet FT-IR spectrometer. Therefore, 
1 mg of the polymer sample together with KBr was milled in a rocker mill and pressed to a 
pellet. The measurements were done in adsorption modus in the range of 500 – 3600 cm-1 
with a spectral resolution of 4 cm-1. 
 
2.3 Characterisation in Solution 
2.3.1 Titration Measurements 
Complete deprotonation of the PMAA block was necessary to dissolve the block 
copolymers. Accordingly, the titration data refers to back titration experiment of solution 
with an initial degree of neutralisation γ = 1.5. Therefore, polymer solutions of 1 mg/mL 
were prepared by dissolving the block copolymers in deionised water with 1.5 equiv. 
NaOH with respect to the MAA groups. If necessary 1 or 10 mg/mL NaCl were added to 
the polymer solutions which afterwards were degassed with argon to prevent dissolution of 
CO2. Titration experiments were performed using a Mettler Toledo Sevenmulti pH meter 
with a combined Inlab 410 glass electrode. A 0.1 M standard HCl solution was used as 
titrant. Within 12 h the desired HCl solution was added by syringe pump (Harvard Pump 
11plus). The measurements were performed at 22 °C with constant stirring under argon 
atmosphere. Every 15 minutes pH values were taken. Due to the slow addition of HCl, the 
acid-base reaction reached equilibrium and stable pH values were received. The acid 
titration of polyelectrolyte block copolymers is expressed by Eq.4: 
HA H+ + A-
Kapp
        (4) 
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HA presents the polyacid and H+ / A- are the proton and corresponding anion. The apparent 
dissociation constant Kapp describes the equilibrium and can be determined from the 
measured pH and the degree of dissociation at equilibrium: 
pKapp = pH + log ((1 – α)/α)         (5) 
The degree of dissociation α can be determined by the pH and the amounts of 
polyelectrolyte present in solution. 
 
2.3.2 Fluorescence Spectroscopy Measurements 
First a solution of pyrene in acetone with a concentration of 5 x 10-4 mol/L and block 
copolymer solutions of 0.1 mg/mL were prepared by dissolving the polymers with 
1.5 equiv. of NaOH with respect to the MAA units. After complete dissolution of the block 
copolymer, 0.2 M NaCl was added if necessary.  
Each sample was prepared by adding the pyrene solution (20 µL) into an empty vial, 
evaporating the acetone for 3h at room temperature, adding the block copolymer solution 
(20 mL) and stirring the solution in light protected vials for 12 h at 50 °C. The final pyrene 
concentration in water reached 5 x 10-7 mol/L which is slightly below the pyrene saturation 
concentration in water at 22 °C.  
For fluorescence measurements, the solution (ca. 2 mL) was placed in a 1.0 × 1.0 cm square 
cell. All spectra were taken of air-saturated solutions using a LS50 Luminescence 
Spectrophotometer (Perkin Elmer) with 90° geometry and slit opening of 0.5 nm. For 
fluorescence excitation spectra λem = 390 nm was chosen. Spectra were accumulated with 
an integration time of 30 nm/min. 
 
2.3.3 Dynamic Light-Scattering Measurements 
Dynamic light scattering (DLS) measurements were performed with an ALV goniometer 
and a laser wavelength of 633 nm. The block copolymer solutions with a concentration of 
1 mg/mL were prepared by dissolving the polymer with 1.5 equiv. of NaOH with respect to 
the MAA units. After complete dissolution, 0.2 M NaCl was added if necessary and the 
samples were stirred for 12 h at 50 °C. All solutions for light scattering were filtered 
several times through a 0.45µm pore size filter for clarification. The first 5 mL were 
discarded. The scattered light was detected at a scattering angle of 90°, and the 
hydrodynamic radius Rh was calculated from second-order cumulant fits via 
Stokes-Einstein equation and contin-fit analyses. 
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2.3.4 Scanning Force Microscopy Measurements 
Scanning Force Microscopy (SFM) was performed with a Nanoscope III microscope 
(Digital Instruments, Veeco, Santa Barbara, US). Investigations in the tapping mode were 
carried out with Si-cantilevers (Nanosensors, Neufchatel, Switzerland) resonating at 204-
497 kHz with a spring constant around 10-130 N/m. Images were edited with the 
Nanoscope software v5.12r5 (Digital Instruments, Veeco, Santa Barbara, USA). SFM 
samples were prepared by spincoating of 1 mg/mL polymer solution on silicone oxide. 
 
2.4 Results and Discussion 
The aim of this work was to investigate the association behaviour of di- and triblock 
copolymers with the same molecular weight but different microstructures. Structure 
property relations can only be drawn by application of a controlled / living polymerisation 
technique. Therefore, the atom transfer radical polymerisation (ATRP) was choosen and 
kinetic studies were perfomed to prove the controlled character of the radical 
polymerisation. ATRP of methacrylic acid is not possible so that t-BuMA, the protected 
form of methacrylic acid, was applied. By deprotection of the tert-butyl group a 
polyelectrolyte block copolymer was formed which was analysed by titration of the fully 
neutralised block copolymer. By means of fluorescence spectroscopy, dynamic light 
scattering and scanning force microscopy the influence of i) the hydrophobicity and the 
glass transition temperature of the core forming block, ii) the ionic strength of the solution 
and iii) the microstructure on the association behaviour was studied.  
 
2.4.1 Synthesis and Molecular Characterisation of the Di- and Triblock 
Copolymers  
The synthesis of the diblock copolymers is subdivided into two reaction steps. In the first 
reaction step P(t-BuMA)-Cl was prepared which was used as macroinitiator in the second 
reaction step for the polymerisation of either MMA or BMA resulting in P(t-BuMA)-b-
P(MMA) or P(t-BuMA)-b-P(BMA).  
In order to reach high end group functionality of the macroinitiator a chloride based 
initiator/catalyst system was applied. As initiator FBSC was chosen, because it is known as 
universal initiator which is well investigated by Percec and coworker for the use in living 
radical polymerisation of styrenes, methacrylates and acrylates.42 Instead of a 
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CuCl/PMDETA, a CuCl/Bipy catalyst system was applied. Although CuCl/PMDETA is a 
more active catalyst system and yields in lower PDI values during polymerisation,43 
PMDETA tends to act as transfer agent and therefore, reduces the end group functionality 
of the desired macroinitiators.44 
By kinetic investigation of the homopolymerisation of t-BuMA using FBSC as initiator and 
the polymerisation of MMA or BMA using P(t-BuMA) as macroinitiatror, the controlled 
character of the ATRP under the chosen experimental conditions was demonstrated. For the 
homopolymerisation of t-BuMA the linear dependence of the first order kinetic plot up to a 
reaction time of 100 min (Figure 4) and the linear increase of the molecular weight by 
simultaneously decreasing polydispersity (Figure 5) demonstrated the controlled character 
of the polymerisation.  
 
 
Figure 4: First order kinetik plots of the homopolymerisation of t-BuMA (■; M:FBSC:CuCl:Bipy = 
50:1:1:2 at 80 °C with 50 wt.-% MEK) and of the polymerisation of MMA (●; 
MMA:Pt-BuMA:CuCl:Bipy = 60:1:1:2 at 80 °C with 75 wt.-% MEK) and BMA (▲; 
BMA:Pt-BuMA:CuCl:Bipy = 60:1:1:2 at 80 °C with 75 wt.-% MEK) 
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Figure 5: Number average molecular weight (full symbols) and PDI (empty symbols) of the 
homopolymerisation of t-BuMA (■) and the polymerisation of MMA (●)and BMA (▲) using  
P(t-BuMA)-Cl as macroinitiator. For experimental details see Table 1. 
 
In order to minimise the loss of end group functionality the reaction for the synthesis of the 
P(t-BuMA)-Cl macroinitiator was quenched at 50 % conversion. The experimental 
conditions and molecular characteristics are listed in Table 1 and 2 (entry 1). For the 
polymerisation of MMA or BMA with P(t-BuMA)-Cl as initiator a controlled character of 
the polymerisation was observed, too. The linear increase of molecular weight with 
conversion (Figure 5) and a polydispersity less than 1.3 proved the control of the molecular 
weight, although the linear dependence of the first order kinetic plot vanishes after a 
reaction time of 60 min. At this point, a conversion of nearly 50 % was achieved but due to 
the low ratio of monomer to active polymer species the polymerisation speed slowed down 
and a linear dependence over the whole reaction time could not be achieved. Nevertheless, 
the symmetric molar mass distribution showed that no loss of end group functionality 
during the synthesis of the P(t-BuMA) macroinitiator occured, because no significant 
amount of unreacted macroinitiator could be detected in the final diblock copolymers 
(Figure 6). The experimental conditions and molecular characteristics of the diblock 
copolymer synthesis are listed in Table 1 and 2 (entry 2 and 3).  
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Figure 6: Molar mass distribution of the macroinitiator P(t-BuMA)32 and the resulting diblock 
copolymers P(t-BuMA)32-b-P(MMA)33 and P(t-BuMA)32-b-P(BMA)32. For experimental details see 
Table 1 (entry 1-3). 
 
The synthesis of the triblock copolymers was similar to that of the diblock copolymers. The 
microstructure comprises a homopolymer start and endblock, A and B, which are separated 
by a random AB middle block. In order to obtain comparable results, in the following 
aggregation investigations the composition of di- and triblock copolymers were similar. To 
the best of our knowledge we are the first to report the synthesis of such triblock 
copolymers via ATRP. The synthesis was separated into two reaction steps. First in a one 
pot reaction the P(t-BuMA)-b-P(t-BuMA-co-BMA)-Cl and P(t-BuMA)-b-P(t-BuMA-co-
MMA)-Cl macroinitiators were synthesised; in a second reaction step these copolymers 
were used as macroinitiators for the polymerisation of BMA or MMA. Additional kinetic 
studies were not necessary, because the experimental conditions for the di- and triblock 
copolymers were the same (Table 1, entry 4-7). At the start of the reaction only t-BuMA 
was present. After a conversion of 33 % the second monomer and MEK (1:1 wt.-%) were 
added so that the molar ratio of both monomers in the reaction volume was 1:1. To avoid 
side reactions the polymerisation was quenched after reaching 60 % conversion of t-BuMA. 
In order to synthesise a random block it had to be granted that the copolymerisation rate of 
the applied monomer pairs were similar so that nearly statistical copolymers can be 
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synthesised. Figure 7 shows the evolution of conversion vs. time for the copolymerisation 
of t-BuMA / MMA and t-BuMA / BMA. It is obvious that the copolymerisation rate of 
t-BuMA to MMA or BMA is close to each other. If we take into account that 25 repeating 
units are necessary to build up the random middle block then the difference in conversion 
of max. 6 % is negligible.  
 
 
Figure 7: Conversion vs. time for the copolymerisation of i) t-BuMA (□) / BMA (∆) and ii) 
t-BuMA (■) / MMA (●). Experimental conditions: M1/M2/FBSC/CuCl/Bipy = 40/40/1/1/2 at 80 °C 
with 50 wt.-% MEK 
 
The final triblock copolymers were obtained by the initiation of the polymerisation of BMA 
or MMA with the previously synthesised macroinitiators. The experimental conditions and 
molecular characteristics are shown in Table 1 and 2 (entry 6-7). The SEC elugramms 
(Figure 8) presented monomodal distributions of the diblock macroinitiator and the final 
triblock copolymer with a final polydispersity below 1.25. High end group functionality of 
the macroinitiators was achieved because no shoulders in the molar mass distribution of the 
triblock copolymers were detected. The controlled radical polymerisation of t-BuMA with 
MMA or BMA in order to receive di- or triblock copolymers with different microstructure 
but same molecular weight and composition has been demonstrated.  
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Figure 8: Molar mass distribution of the macroinitiators i) P(t-BuMA)17-b-P(t-BuMA10-co-
PMMA11) ii) P(t-BuMA)37-b-P(t-BuMA7-co-PBMA11) and the resulting triblock copolymers i) 
P(t-BuMA)17-b-P(t-BuMA10-co-PMMA11)-b-P(MMA)18 ii) P(t-BuMA)37-b-P(t-BuMA7-co-
PBMA11)-b-P(BMA)18. For experimental details see Table 1. 
 
The controlled character of the polymerisation was proven by kinetic studies while the 
molar mass distribution showed monomodal distribution of the macroinitiator and the final 
di- and triblock copolymers with polydispersities below 1.3. By quenching the 
polymerisation at max 60 % conversion (indicating residual macroinitiator) high end group 
functionality was achieved and no shoulders in the molar mass distribution of the final di- 
and triblock copolymer were obtained. 
 
2.4.2 Deprotection of the tert-Butyl Group 
The acid catalysed elimination of isobutylene from the P(t-BuMA) blocks was performed 
with a 5-fold molar excess of trifluoracetic acid (with respect to the t-Butyl groups) in 
dichlormethane at room temperature.45 The successful elimination was monitored via 
1H NMR (Figure 9) and IR spectroscopy (Figure 10). 
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Figure 9: 1H NMR spectra of P(t-BuMA)32-b-P(BMA)32 in CDCl3 and P(MAA)32-b-P(BMA)32 in 
(CD3)2CO 
 
In 1H NMR the typical peak of the t-butyl group at δ = 1.48 ppm disappeared after the 
reaction so that at least 95 % of P(t-BuMA) repeating units were deprotected. Infrared 
spectroscopy is another method in order to confirm the 1H NMR results. Here the loss of 
the symmetric bending vibration of the t-butyl group at 1367-1392 cm-1 and a broad 
absorbance of the acid functionality at 3000 to 3600 cm-1 were the most fundamental 
changes (Figure 10;indicated by arrows). With titration experiments it is possible to 
determine the number of repeating units of free carboxylic acid groups within the polymer. 
The polyelectrolyte effect during the titration experiment was minimised by addition of 
0.2 M NaCl which screened the created negative charges along the polymer chain. Then, 
the inflection points of the titration curves in the regime of full neutralisation were defined 
by using a sigmoidal fit. The results are listed in Table 2 and fit well with the results 
determined by 1H NMR spectroscopy. Therefore, full deprotection of the t-butyl group was 
achieved. 
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Figure 10: IR spectra of P(t-BuMA)32-b-P(BMA)32 before (solid line) and after hydrolysis of the 
t-butyl group (dotted line) (both done with KBr pellets). 
 
2.4.3  Polyelectrolyte Titration 
The titrations of polyelectrolytes differ from those of ordinary monomeric weak acids. The 
pH value of the solution and the equilibrium constants depend not only on the amount of 
added base but also on the polyelectrolyte concentration and the presence of salt. 
Additionally, the shape of the titration curve is characteristic for the nature of the 
polyelectrolyte that is titrated. Therefore, the titration is an elementary experiment to reveal 
the influence of the block copolymer microstructure on the dissociation of the P(MAA) 
blocks.  
The titration curve of the P(MAA)32-b-P(MMA)33 block copolymer is shown in Figure 11. 
The graph can be separated in three distinct regions: i) γ < 0.2, a steep increase of the pH 
indicating the onset of the methacrylic acid dissociation; ii) 0.2 < γ < 0.8, in this range the 
pH is less sensitive to the acid addition. In this buffer regime a plateau-like curve with 
slight increase of the pH is observed which is typical for polymers with blocky structure,31 
iii) γ > 0.8, close to full neutralisation of the P(MAA) blocks the pH increases to reach its 
maximum value.  
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In the buffer regime the pH is higher for solutions containing block copolymers than for the 
corresponding monomeric methacrylic acid. This indicates that the monomeric acid 
dissociates easier than the corresponding polyelectrolyte due to the negative charges along 
the polymer chain which hinder the dissociation of the remaining carboxylic groups. In the 
case of salt addition, the general characteristics of the titration curve remain the same, but 
the overall pH values decrease with increasing salt concentration (Figure 11), due to the 
screeining of the negative charges of the carboxylate anions by the Na+ ions. The 
electrostatic interaction between the polymer segments is decreased and the dissociation of 
the carboxylic groups is favoured. An effect on the titration curve due to the block 
copolymer microstructures was neither with nor without salt addition observed. 
 
 
Figure 11: Backtitration of P(MAA)32-b-P(MMA)33 (c = 1mg/mL) solutions with 0 mg/mL (■), 1 
mg/mL (●) and 10 mg/mL (▲) NaCl with HCl. The titration curve of monomeric methacrylic  acid 
(▼) is shown for comparable reasons
  
 
In order to improve the understanding on the effect of the hydrophobic block and the 
influence of salt on the dissociation of P(MAA) blocks, the changes of the apparent 
dissociation constant pKapp during the neutralisation is plotted in Figure 12. The pKapp 
values for solutions containing P(MAA)32-b-P(BMA)32 were systematically higher than 
those with P(MAA)32-b-P(MMA)33. This difference persists still after addition of 
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monovalent salt. Since both block copolymers dissolve in water, we assume that due to the 
self-assembly of the P(BMA) block copolymers to micelles, the negative charges are 
concentrated in the hydrophilic shell. The higher surface polarity hinders the dissociation of 
the carboxylic groups.31 Whether the polarity or the glass transition temperature of the core 
forming block influences the self-association and the dissociation of the methacrylic acid 
respectively cannot be proved jet. This question will be further analysed by fluorescence 
spectroscopy and DLS. 
 
 
Figure 12: Dependence of the apparent dissociation constant pKapp on the neutralisation degree of 
P(MAA)32-b-P(MMA)33 (1 mg/mL, full symbols) and P(MAA)32-b-P(BMA)32 (1 mg/mL, empty 
symbols) with 0 mg/mL (■,□), 1 mg/mL (●,○) and 10 mg/mL (▲,∆) NaCl.  
 
2.4.4 Pyrene Fluorescence Spectroscopy 
Fluorescence spectroscopy with pyrene as probe is a well known technique to study the 
association behaviour of block copolymers.14,46,47 Depending on the environment of the 
pyrene a red shift of the absorption band with enhanced excitation intensity is observed due 
to the migration of the probe from the hydrophilic into the hydrophobic region of the block 
copolymer micelles. Thus, it is possible to investigate the association behaviour and to 
determine the CMC. 
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We studied the association behaviour of the block copolymers in dependence on i) the ionic 
strength of the solution, ii) the polarity and the glass transition temperature of the 
hydrophobic block and iii) the microstructure of the block copolymers. Figure 13 depicts 
the fluorescence spectra of pyrene in aqueous solution with either P(MAA)32-b-P(MMA)33 
or P(MAA)32-b-P(BMA)32. For the P(BMA) block copolymer solutions the excitation 
spectras exhibit a red shift from 334.5 to 337.0 nm with an enhanced intensity by a factor of 
2.3, but no effect could be observed by changing the ionic strength of the solution or the 
microstructure of the block copolymer (not shown here). Conversely, the fluorescence 
intensity of solutions containing P(MMA) diblock or triblock copolymers remain close to 
that for pyrene in water (Figure 13). However, after salt addition to the P(MMA) block 
copolymer solutions, a red shift with moderate increase in excitation intensity by a factor of 
1.5 instead of 2.3 in comparison to the P(BMA) block copolymer solutions occurs     
Figure 14). The difference in the excitation maximum of P(BMA) and P(MMA) block 
copolymer solutions can be addressed to the different polarity of the core forming block. 
With increasing hydrophobicity an increase in the excitation spectra is observed due to self-
association process of the block copolymer. 
 
 
Figure 13: Excitation spectra of pyrene in 0.1 mg/mL aqueous diblock copolymer solutions: 
P(MAA)32-b-P(MMA)33 (●), P(MAA)32-b-P(MMA)33 + 0,2M NaCl (▲) and P(MAA)32-b-
P(BMA)32 (▼). As reference one spectrum without polymer addition was recorded (■) 
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Figure 14: Excitation spectra of pyrene in 0.1 mg/mL aqueous triblock copolymer solutions: 
P(MAA)17-b-P(MAA10-co-MMA11)-b-P(MMA)18 (●), P(MAA)17-b-P(MAA10-co-MMA11)-b-
(MMA)18 + 0,2M NaCl (▲) and P(MAA)37-b-P(MAA8-co-BMA11)-b-P(BMA)18 (▼). As reference 
one spectrum without polymer addition was recorded (■) 
 
The CMC is determined by plotting the intensity ratio I337/I345,5 from the excitation spectra 
against the logarithmic concentration of the block copolymer solutions (Figure 15). Low 
I337/I345,5 intensity ratios indicate a hydrophilic surrounding of the fluorescence dye while 
higher ones indicate a more hydrophobic surrounding due to the formation of aggregates. 
The CMC is received by a sigmoidal fit of the measured data. As shown in Figure 15 (left), 
P(BMA) block copolymers show spontaneous self association into micelles at a 
concentration of c = 6.46 x 10-4 mg / mL. The CMC is neither affected by the block 
copolymer microstructure nor by the ionic strength of the solution. In contrast, the 
P(MMA) block copolymers show no CMC without increasing the ionic strength of the 
solution. This is due to the low molecular weight of the block copolymers keeping the 
polymer unimolecularly dissolved in water with a solid like insoluble P(MMA) head.30 
Apparently, the association of such unimers takes place in solution with high ionic strength. 
Then a CMC is observed which appears at higher block copolymer concentration in 
comparison to the P(BMA) block copolymers. Also noticeable is the fact that the 
concentration range wherein the I337/I345,5 intensity ratio maximum levels off is located at 
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higher polymer concentration in comparison to the P(BMA) block copolymers. In 
combination with the lower pKapp values from the titration experiments this is caused by ill 
defined micelle formations meaning that micelles exist beside larger aggregates. 
 
 
Figure 15: Intensity ratio I337/I345,5 of the excitation spectra of pyrene in solution with diblock 
(full symbol) and triblock copolymers (empty symbole) based on P(BMA) (left) and P(MMA) 
(right). The continuous curve is fit to the experimental data 
 
The fluorescence spectroscopy results demonstrate that association of low molecular weight 
block copolymers is more dominated by the hydrophobicity than by the glass transition 
temperature of the core forming block. P(MMA) block copolymers tend to be 
unimolecularly dissolved instead of forming aggregates, herein the electrostatic effects 
dominate. Formation of aggregates is favoured only when the fixed charges of the block 
copolymer are screened by the addition of salt. Dynamic light scattering investigations will 
give more insight on this issue.  
 
2.4.5 Dynamic Light-Scattering Measurements 
Dynamic light-scattering measurements were performed in order to gain information on the 
size and the polydispersity of the formed aggregates. The autocorrelation functions display 
as expected for the P(BMA) block copolymer solutions one exponential decay (not shown 
here). The hydrodynamic radius (Rh) inferred by the second order cumulant fit decreased 
from Rh = 13 nm (diblock) to Rh = 10 nm (triblock). The increase ionic strength of the 
solution does not influence the size and shape of the micelles. In contrast the P(MMA) 
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diblock copolymer solutions show a very low countrate of 8 kHz and in the autocorrelation 
function no defined exponential decay is found (Figure 16).  
 
 
Figure 16: Upper right: Countrate vs. time of P(MMA) di- and triblock copolymers. Left: The 
corresponding autocorrelation function of P(MAA)32-b-P(MMA)33 (■),  P(MAA)32-b-P(MMA)33 + 
0,2M NaCl (□), P(MAA)17-b-P(MAA10-co-MMA11)-b-P(MMA)18 (●), P(MAA)17-b-P(MAA10-co-
MMA11)-b-(MMA)18 + 0,2M NaCl (○) polymer solutions (1 mg/mL) 
 
The absence of aggregates supports the idea that fully deprotonated P(MMA) block 
copolymers are unimolecularly dissolved. Again, the salt addition enhances the countrate 
by a factor of 5 and the autocorrelation function displays at least two exponential decays. 
The contin-fit analysis indicates that the faster decay corresponds to particle populations 
with a hydrodynamic radius of Rh = 8 nm, whereas the slower decay corresponds to larger 
aggregates with Rh = 70 nm (Figure 17). 
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Figure 17: Contin-fit analysis of autocorrelation functions of 1mg/mL di- and triblock copolymers 
at a scattering angle of 90°. P(MAA)32-b-P(MMA)33 (■),  P(MAA)32-b-P(MMA)33 + 0,2M NaCl 
(□),P(MAA)17-b-P(MAA10-co-MMA11)-b-P(MMA)18 (●), P(MAA)17-b-P(MAA10-co-MMA11)-b-
(MMA)18 + 0,2M NaCl (○) 
 
For the P(MMA) triblock copolymer without salt addition the countrate increases by a 
factor of 3 in comparison to the diblock analogues and reaches the same value with 
increasing solution ionic strength (Figure 16). The autocorrelation functions show two 
exponential decays which are shifted to lower correlation times by addition of salt. The 
contin-fit analysis (Figure 17) indicates two population with a hydrodynamic radius of Rh 
= 10 and 100 nm. By increasing the ionic strength of the solution, the size of micelles 
decreases from 10 to 7 nm whereas the size of the larger aggregates is unaffected.  
The data showed that the P(BMA) di-or tri- block copolymers self assemble into micelles 
with uniform size. Salt addition does not affect the size of the aggregates. For the P(MMA) 
block copolymer systems the ionic strength of the solution is important for the aggregation 
formation. For both types of block copolymers salt addition increases the number of 
aggregates in solution. In contrast to P(BMA) block copolymers only ill defined aggregate 
structures were observed with at least two particle size distributions. Beside smaller 
aggregates with the size of micelles larger aggregates were present in solution.  
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For P(BMA) and P(MMA) block copolymers an effect of the microstructure on the size of 
the micelles was detected. It was shown that micelles formed out of triblock copolymers 
had a decreased hydrodynamic radius in comparison to the diblock analogues. According to 
Hadjichristidis and coworkers we ascribe this effect to a different conformation of the 
random (AB) middle block of the triblock copolymer at the core corona interface which is 
more space demanding and therefore decreases the aggregation number and hydrodynamic 
radius of the micelles.39 
 
2.4.6 Scanning Force Microscopy 
The morphology of the aggregates in the dehydrated state was investigated by scanning 
force microscopy. As expected for P(MMA) di- and triblock copolymers no aggregates 
were present. However, after addition of 0.2 M NaCl to the block copolymer solution, the 
topography of the layer clearly indicates the presence of spherical micelles with a mean 
diameter of ca. 12 nm (Figure 18). Beside that, the micrograph also shows the presence of 
large aggregates as expected from DLS measurements. We could not assess the origin of 
the large aggregates because of dehydration and crystallisation of the salt alters the surface 
morphology.  
For the P(BMA) block copolymers salt addition is not necessary to induce aggregation. 
Figure 19 depict the surface morphology of the as cast layer. Uniform spherical micelles 
are observed with a mean diameter of 15 nm estimated from the power spectral density 
analysis. Although the SFM results can not be directly compared with the light scattering 
data, because of the alteration of size and shape of the aggregates due to surface 
interactions and dehydration during the spincoating process.48 We assume that the high 
glass transition temperature of P(MAA) shell preserve the integrity of the aggregates upon 
dehydration, so that the SFM measurements approve the DLS results and the spherical 
character of the formed aggregates. 
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Figure 18: SFM height image of aggregates of a 1.0 mg/mL P(MMA)33-b-P(MAA)32 spin coated 
solution with 0.2 M NaCl on silicon oxide. 
 
100nm
 
Figure 19: AFM height image of aggregates of a 1.0 mg/mL P(BMA)32-b-P(MAA)32 spin coated 
solution on silicon oxide. 
 
2.5 Conclusion 
Symmetrical A-b-B diblock and A-b-(A-co-B)-b-B triblock copolymers out of MMA / 
MAA and BMA / MAA were successfully synthesised under controlled polymerisation 
conditions via ATRP (56-74 monomer units) with polydispersity indices < 1.3. The fully 
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neutralised polymers are soluble in water and their blocky structure is confirmed by 
titration experiments. The higher pKapp values for P(BMA) block copolymers in the buffer 
regime between 0.2 < γ < 0.8, in comparison to the P(MMA) analogues, point out that due 
to the self association of the block copolymers into micelles the dissociation of the 
carboxylic groups is hindered. Fluorescence spectroscopy measurements expose that for 
low molecular weight block copolymers the hydrophobicity of the core forming block 
dominates the self association process. While for P(MMA) block copolymers an increase in 
the ionic strength of the solution is needed to induce aggregation, for P(BMA) block 
copolymers spontaneously self association occurs. DLS measurements confirmed the 
fluorescence spectroscopy measurements. Additionally, it could be shown that for P(MMA) 
block copolymers beside micelles larger aggregates were present in solution and that the 
size of the micelles is affected by the microstructures of the block copolymers. The 
hydrodynamic radius decreases from di- to triblock copolymers what is ascribed to a 
different orientation of the random (AB) middle block of the triblock copolymer at the 
core-corona interface. Finally, SFM measurements proved the spherical like structure of the 
micelles. 
Detailed investigations on the influence of the microstructure on the micellar properties of 
linear block copolymers, with additional comparison to theoretical calculations, will be the 
purpose of the forthcoming work. 
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Chapter 3: Synthesis and Aggregation Behaviour of 
Amphiphilic Block Copolymers with Random Middle 
Block 
3.1 Introduction 
In the last decades, the further development of ionic and controlled free radical 
polymerisation techniques has improved the synthesis of block copolymers of a variety of 
functional monomers in combination with well defined architectures and / or 
microstructure1. Thereby, the increasing interest in block copolymers arises from their 
unique solution and association behaviour. In a selective solvent, which is a 
thermodynamical good solvent for one block and a precipitant for the other, block 
copolymers tend to associate reversibly forming micelles.2,3 The core, formed by the 
insoluble block, is stabilised in solution by the presence of the soluble corona chains. 
The influence of the molecular characteristics of the block copolymers (e.g. architecture, 
microstructure or block length) on the micellisation behaviour was studied extensively with 
special emphasis on A-b-B diblock- and A-b-(A-co-B)-b-B triblock copolymers.4,5 
Thereby, triblock copolymers with a middle block of variable composition offer a great 
opportunity to alter selectively the micellisation behaviour (critical micelle concentration, 
size of the micelle, aggregation number).6,7,8 It was found that for triblock copolymers 
consisting of polystyrene and polyisoprene, the microstructure and the overall length of the 
tapered middle block systematically change the order-disorder temperature (ODT). 
Especially an inversed tapered middle block of high molecular weight showed a huge 
decrease in the ODT compared to the A-b-B diblock copolymer.8 Another research group 
analysed for the same monomer pair the microphase separation between A-b-B diblock and 
A-b-(A-co-B)-b-B triblock copolymers with a random middle block.9,10 In case of the 
triblock copolymer a better solubilisation of the incompatibly end blocks A and B and an 
increase of the interface between the lamellar phase of block A and B was observed. This 
effect is called “domain-boundary-mixing”7 and was also utilised for A-b-(A-co-B)-b-B / 
homopolymer blends.11,12  
In case of the influence on the micellisation behaviour by triblock copolymers with random 
middle block theoretical calculations showed that the energetically favourable conformation 
of the statistical middle block is a randomly coiled polymer chain at the core / corona 
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interface. In comparison to A-b-B diblock copolymers the area per chain at the interface per 
one chain is increased due to the random middle block. If the block length is long enough, 
the aggregation number and the critical micelle concentration (CMC) will decrease.13 On 
the basis of these theoretical calculations, in this work the association behaviour of high 
molecular weight A-b-B di- and A-b-(A-co-B)-b-B triblock copolymers consisting of BMA 
/ MAA is studied. The ATRP was used in order to synthesise the desired block copolymers 
being characterised via 1H NMR spectroscopy and size exclusion chromatography (SEC). 
Fluorescence spectroscopy, DLS and SFM were performed to gain information about the 
CMC, the hydrodynamic radius and morphology of the formed aggregates. 
3.2 Experimental 
3.2.1 Materials 
Butyl methacrylate (BMA, 99%, Merck) and tert-butyl methacrylate (t-BuMA, 98%, 
Aldrich) were purified via column chromatography over Al2O3 (Fluka, type 5016A basic). 
Bipyridine (Bipy 99%, Acros), p-toluenesulfonyl chloride (pTSC 98% Aldrich), CuCl 
(97%, Fluka), dichloromethane (DCM, 99.9%, KMF), methylethylketone (MEK, 99.5%, 
Merck), trifluoroacetic acid (TFA 99%, KMF), NaCl (99.8% KMF), pyrene (99%, Fluka), 
sodium hydroxide (1N Titrisol, Merck) tetrahydrofuran (THF, HPLC-grade, KMF), 1,2,6-
di-tert-butyl-4-methylphenol (BHT, 99%, Aldrich) were used without further purification. 
All reactions were carried out in argon atmosphere. (Argon Westfalen AG, 4.6, dried over 
mole sieve (4 Å) and potassium on aluminium oxide). 
 
3.2.2 Synthesis of P(t-BuMA)180-Cl 
In a Schlenk tube pTSC (0.0192 g, 1.0 x 10-4 mol), t-BuMA (5.0 g, 3.5 x 10-2 mol), MEK 
(3.0 g) and Bipy (0.0312 g, 2.0 x 10-4 mol) was filled, and after complete dissolution of all 
components, CuCl (0.0099 g, 1.0 x 10-4 mol) was added, the Schlenk tube was sealed with 
a rubber septum and immersed in an oil bath at 80 °C over a time period of 5.0 h. Samples 
were taken periodically with a syringe to determine the monomer conversion. Therefore, a 
few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed via 1H NMR 
spectroscopy using the peaks at δ = 1.5 ppm (-C(CH3)3 both for the polymer and the 
monomer), the peak at δ = 6.00 ppm (CH2=C- of the monomer). The samples were further 
characterised by SEC after removal of the copper complex by flash chromatography on a 
small Al2O3 column. 
Chapter 3  73 
 
The reaction was finally terminated at 50% conversion by cooling the Schlenk tube to room 
temperature in a water jet, opening to atmosphere and quenching by addition of 20 mL 
DCM. By subsequent stirring in air the copper catalyst was completely oxidised and 
removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated in an 
icecold methanol/water mixture (1/1 w). The polymer was collected by filtration and dried 
in vacuum (2.3 g, 46% yield). Mn = 27.500 g/mol determined via 1H NMR in CDCl3; Mn = 
26.000 g/mol, PDI = 1.17 determined via SEC in THF. The experimental conditions and the 
molecular characteristics of the macroinitiator is summarised in Table 3 and 4. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 1.60-2.10 (broad peak, 2H, CH2-backbone), δ = 
1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H, CH3). 
 
3.2.3 Synthesis of P(t-BuMA)113-b-P(t-BuMA76-co-BMA68)-Cl 
In a Schlenk tube pTSC (0.0384g, 2.0 x 10-4mol), MEK (6.0 g), t-BuMA (10.0 g, 0.07 mol), 
and Bipy (0.0656 g, 4.2 x 10-4 mol) was filled and after complete dissolution of all 
components CuCl (0.0198 g, 2.0 x 10-4 mol) was added, the Schlenk tube was sealed with a 
rubber septum and immersed in an oil bath at 80°C for 130 min. After 32.5% conversion of 
t-BuMA, BMA (6.5 g, 4.6 x 10-2 mol) and MEK (3.0 g) were added in order to start 
polymerisation of the second random block. The molar ratio of both monomers at this time 
was 1:1. 
Samples were taken periodically with a syringe to determine the monomer conversion. 
Therefore, a few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed 
via 1H NMR spectroscopy using for t-BuMA the peaks at δ = 1.5 ppm (-C(CH3)3 both for 
the polymer and the monomer) and at δ = 6.00 ppm (CH2=CH- for the t-BuMA monomer), 
for BMA the peaks at δ = 3.9 ppm (-OCH2R 3 both for the polymer and the monomer) and 
at δ = 6.10 (CH2=CH- for the BMA monomer). The samples were further characterised by 
SEC after removal of the copper complex by flash chromatography on a small Al2O3 
column.  
The reaction was finally terminated at 54 % conversion of t-BuMA by cooling the Schlenk 
tube to room temperature in a water jet, opening to atmosphere and quenching by addition 
of 100 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in a methanol/water mixture (1/1 w). The polymer was collected by filtration and dried in 
vacuum (7.0 g, 42.5% yield). Mn = 36.500 g/mol determined via 1H NMR in CDCl3; Mn = 
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31.500 g/mol, PDI = 1.30 determined via SEC in THF. The experimental conditions and the 
molecular characteristics of the macroinitiator is summarised in Table 3 and 4. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 3.90 (s, 2H, -OCH2R), δ = 1.60-2.10 (broad peak, 
4H P(BMA) and 2H P(t-BuMA), CH2-backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 
(broad peak, 3H (PBMA) and 3H P(t-BuMA), CH3). 
 
3.2.4 Synthesis of P(t-BuMA)180-b-P(BMA)168  
In a Schlenk tube P(t-BuMA)180-Cl (1.0 g, 3.90 x 10-5 mol) and MEK (2.0 g) was filled, 
sealed with a rubber septum and immersed in an oil bath at 80 °C. After the macroinitiator 
was completely dissolved, Bipy (0.012 g, 7.81 x 10-5 mol), MEK (1.0 g), CuCl (0.0039 g, 
3.9 x 10-5mol) and BMA (1.33 g, 9.37 x 10-3 mol) were added. 
Samples were taken periodically with a syringe to determine the monomer conversion. 
Therefore, a few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed 
via 1H NMR spectroscopy using for BMA the peaks at δ = 3.9 ppm (-OCH2R for the 
polymer) and δ = 6.10 ppm (CH2=CH- for the BMA monomer). The samples were further 
characterised by SEC after removal of the copper complex by flash chromatography on a 
small Al2O3 column. 
The reaction was finally terminated at 70 % conversion of BMA by cooling the Schlenk 
tube to room temperature in a water jet, opening to atmosphere and quenching by addition 
of 20 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in a methanol/water mixture (1/1 w). The polymer was collected by filtration and dried in 
vacuum (1.5 g, 77.7% yield). Mn = 49.500 g/mol determined via 1H NMR in CDCl3; Mn = 
30.000 g/mol, PDI = 1.44 determined via SEC in THF. The experimental conditions and the 
molecular characteristics of the diblock copolymer is summarised in Table 3 and 4. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 3.90 (s, 2H, -OCH2R), δ = 1.60-2.10 (broad peak, 
4H P(BMA) and 2H P(t-BuMA), CH2-backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 
(broad peak, 3H P(BMA) and 3H P(t-BuMA), CH3). 
 
3.2.5 Synthesis of P(t-BuMA)113-b-P(t-BuMA76-co-BMA68)-b-P(BMA)100 
In a Schlenck tube P(t-BuMA)113-b-P(t-BuMA76-co-MMA68)-Cl (2.0 g, 5.45 x 10-5 mol), 
and MEK (4.0 g) was filled, sealed with a rubber septum and immersed in an oil bath at 80 
°C. After the macroinitiator was dissolved completely CuCl (0.0054 g, 5.45 x 10-5 mol), 
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Bipy (0.018 g, 1.14 x 10-4 mol), MEK (2.0 g) and BMA (1.16 g, 8.17 x 10 -3 mol) was 
added. 
Samples were taken periodically with a syringe to investigate the kinetics. Samples were 
taken periodically with a syringe to determine the monomer conversion. Therefore, a few 
drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed via 1H NMR 
spectroscopy using the polymer peak of P(BMA) at δ = 3.9 ppm (-OCH2R of the polymer) 
which was set into relation to the P(t-BuMA) peak at δ = 1.50 (-C(CH3)3). The samples 
were further characterised by SEC after removal of the copper complex by flash 
chromatography on a small Al2O3 column. 
The reaction was finally terminated at 66 % conversion of BMA by cooling the Schlenk 
tube to room temperature in a water jet, opening to atmosphere and quenching by addition 
of 20 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in a methanol/water mixture (1/1 w). The polymer was collected by filtration and dried in 
vacuum (2.5 g, 79.1% yield). Mn = 51.000 g/mol determined via 1H NMR in CDCl3; Mn = 
33.500 g/mol, PDI = 1.40 determined via SEC in THF. The experimental conditions and the 
molecular characteristics of the triblock copolymer is summarised in Table 3 and 4. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 3.90 (s, 2H, -OCH2R), δ = 1.60-2.10 (broad peak, 
4H P(BMA) and 2H P(t-BuMA), CH2-backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 
(broad peak, 3H P(BMA) and 3H P(t-BuMA), CH3). 
 
3.2.6 Deprotection of P(t-BuMA)180-b-P(BMA)168 
In order to deprotect the t-butyl group of the block copolymers the following procedure was 
applied: First P(t-BuMA)180-b-P(BMA)168 (1.5 g, 3.58 x 10-3 mol ester) was dissolved in 
DCM (13.5 g) and 5-fold molar excess of TFA (2.05 g, 0.018 mol with respect to the t-
butyl groups) was added slowly to the polymer solution. The reaction mixture was stirred 
for 24h at room temperature. Thereby, the colour of the solution turned into slightly yellow. 
The excess reagents were removed by evaporation under vacuum. Finally, the received 
polymer was washed several times with water and dried in vacuum (1.1 g, 91.5% yield). 
The deprotection was controlled via 1H NMR spectroscopy by disappearance of the t-butyl 
signal at δ = 1.3-1.6 ppm. All deprotection experiments were performed according to this 
procedure. Mn = 40.000 g/mol determined via 1H NMR in MeOD. 
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1
 H NMR (300 MHz, MeOD): δ (ppm) =  3.90 (s, 3H, -OCH2R), δ = 1.60-2.10 (broad peak, 
4H P(BMA) and 2H P(t-BuMA), CH2-backbone), δ = 0.9-1.3 (broad peak, 3H P(BMA) and 
3H P(t-BuMA), CH3). 
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3.2.7 Molecular Characterisation 
1H NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 MHz. 
Deuterated chloroform (CDCl3) acetone or methanol (MeOD) was used as a solvent, and 
tetramethylsilane (TMS) served as an internal standard.  
Size exclusion chromatography (SEC) analysis were carried out using a high pressure 
liquid chromatography pump (Polymer Laboratories HPLC pump LC1120) and a refractive 
index detector (ERC 7515A) at 35 °C. The eluting solvent was tetrahydrofuran (THF, 
HPLC grade) with 250 mg/L BHT and a flow rate of 1.0 mL/min. Four columns with MZ-
DVB gel (5 µm, 300 mm, 50 Å, 100 Å, 1000 Å, 10.000 Å) were applied. The number-
average molecular weight (Mn) and the molecular weight distribution (MWD) were 
determined using polymethyl methacrylate standards calibration. 
 
3.2.8 Pyrene Fluorescence spectroscopy 
Complete deprotonation of the PMAA block was necessary to dissolve the block 
copolymers in water. Titration experiments of the polymer sample showed complete 
dissolution at degree of neutralization of γ = 1.5 equiv. NaOH with respect to the MAA 
groups. Therefore, all studied samples were first neutralized before freeze drying. To 
prepare the solutions a given amount of polymer was dissolved in deionised water and the 
solutions were equilibrated for 12h at 50 °C. 
For fluorescence measurement a solution of pyrene in acetone with a concentration of 5 x 
10-4 mol/L and polymer solutions in the range of 1.0 x 10-6 to 1.0 mg/mL were prepared.  
Each sample was prepared by dropping 20 µL of a pyrene solution into an empty vial, 
evaporating the acetone for 3h at room temperature, adding 20 mL of the block copolymer 
solution and stirring the closed and light protected vial for 12 h at 50 °C. The final pyrene 
concentration in water was 5.0 x 10-7 mol/L which is slightly below the pyrene saturation 
concentration in water at 22 °C.  
For fluorescence measurements, ca. 2 mL of solution was placed in a 1.0 × 1.0 cm square 
cell. All spectra were run on air-saturated solutions using a LS50 Luminescence 
Spectrophotometer (Perkin Elmer) with 90° geometry using slit openings of 0.5 nm. 
Excitation spectra were registered at emission wavelength (λem) of 390 nm and were 
accumulated with an integration time of 30 nm/min. 
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3.2.9 Dynamic Light-Scattering Measurements 
Dynamic light scattering measurements were performed with an ALV goniometer and a 
laser wavelength of 633 nm. The polymer solutions with a concentration of 1 mg/mL were 
prepared by dissolving the block copolymer with 1.5 equiv. of NaOH with respect to the 
MAA units. All solutions for light scattering were filtered several times through a 0.45µm 
pore size filter for clarification. The first 5 mL were discared. The scattered light was 
detected at scattering angles between 40° - 90°, and the hydrodynamic radius Rh was 
calculated from second-order cumulant fits via Stokes-Einstein equation.  
 
3.2.10 SFM Measurements 
Scanning Force Microscopy (SFM) was performed with a Nanoscope III microscope 
(Digital Instruments, Veeco, Santa Barbara, US). Investigations in the tapping mode were 
carried out with Si-cantilevers (Nanosensors, Neufchatel, Switzerland) with a nominal 
resonance frequency of ca. 380 kHz. Images were edited with the Nanoscope software 
v5.12r5 (Digital Instruments, Veeco, Santa Barbara, USA). SFM samples were prepared by 
spin coating of 1 mg/mL polymer solution onto SiO2 surface. The substrate was cleaned by 
Ultrasound in 2-propanol followed by drying in a steam of nitrogen. Activation of the 
surface was achieved by UV irradiation under flux of O2 for 12 min. The treatment ensures 
uniform density of silanol groups offering hydrophilic surface with water contact angle 
below 20°. In this way the deposition of the aqueous micellar solution was reproducibly 
homogenous. 
 
3.3 Results and Discussion 
Recently we reported the synthesis of low molecular weight di- and triblock copolymers 
out of BMA / MAA via ATRP.14 By fluorescence spectroscopy and dynamic light 
scattering studies uniform micellisation was proven for the fully neutralised di- and triblock 
copolymers. Due to the low molecular weight of 6.000 – 7.000 g/mol the effect of the 
microstructure on the micellar properties (CMC, hydrodynamic radius) was not well 
pronounced. Therefore, we adapted the synthetic procedure of the low molecular weight 
block copolymers and increased the monomer to initiator ratio by a factor of 5 yielding 
block copolymers with a number average molecular weight of around 40.000 g/mol. The 
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increase in the molecular weight should give clear differences in the self-association 
behaviour of the di- and triblock copolymer.  
3.3.1 Synthesis of di- and triblock copolymers 
The synthetic route is shown in Scheme 4 and 5. Briefly explained, the synthesis of the di- 
and triblock copolymer is subdivided into three reaction steps. In the first reaction step the 
desired P(t-BuMA)180-Cl or P(t-BuMA)113-b-P(t-BuMA76-co-BMA68)-Cl macroinitiator 
was synthesised. pTSC was selected as initiator which is known as universal initiator in 
living radical polymerisation of styrenes and (meth)acrylates.15 In combination with the 
catalyst system CuCl / Bipy a high end group functionalisition was achieved when the 
polymerisaton of the macroinitiator was stopped after reaching a maximum of 50 % 
conversion.16 In the second reaction step, the macroinitiators started the 
homopolymerisation of BMA resulting in P(t-BuMA)180-b-P(BMA)168 diblock or 
P(t-BuMA)113-b-P(t-BuMA76-co-BMA68)-b-P(BMA)100 triblock copolymers. The last 
reaction step depicted the deprotection of the tert-butyl group leads to amphiphilic 
polyelectrolyte block copolymers. A detailed description of the experimental setup and 
molecular characteristics of the macroinitiators as well as the di- and triblock copolymers is 
shown in Table 3 and 4. 
 
 
Scheme 4: Three Step synthesis of P(t-BuMA)-b-P(BMA) diblock copolymer 
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Scheme 5: Three step synthesis of P(t-BuMA)-b-P(t-BuMA-co-BMA)-b-P(BMA) triblock 
copolymers 
 
Du Due to the high monomer to initiator ratio an end group analysis of the synthesised 
polymers is not possible. Thus, the number average molecular weight was determined 
indirectly via 1H NMR over the conversion of t-BuMA and BMA. In Figure 20 typical 
1H NMR spectra are shown for the copolymerisation of BMA with t-BuMA. To determine 
the monomer conversion of t-BuMA (Eq. (6a)), the polymerised amount of t-BuMA had to 
be determined (Eq. 6f) by using the integrated signal of the tert-butyl groups of monomer 
and polymer (Fig. 1, signal 3,3´) and the signals of the double bond (Figure 20, signal 1). 
For the monomer conversion BMA (Eq. (6b)) the polymerised amount of BMA had to be 
determined (Eq.6 d) by integrating the signals of the –O-CH2- units the polymer       
(Figure 20, signal 6´). The number of repeating units was determined by multiplying the 
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monomer to initiator ration with conversion. Eq. 6a-f summarise the formula used for the 
calculation of the conversion and number of repeating units. 
100%
AA
A
p
1-DBButyl
Butyl
BuMA ⋅+
=
−
−
−
t
t
t         (6a) 
%100
AA
A
p
dBMApolymerizeBMA-
dBMApolymerize
BMA ⋅
⋅
=
n
       (6b) 
with 
)6Integral(ABMA =           (6c) 
´)6Integral(A dBMApolymerize =          (6d) 
)1Integral(A 1-DB =           (6e) 
1DBbutyl A9
,6´)6Integral(,3´,7,7´)Integral(3A
−−
−
−
=t      (6f) 
(px = conversion of monomer x, the Integral numbers are related to Figure 20) 
 
 
Figure 20: Representative 1H-NMR spectrum of P(t-BuMA-co-BMA) (t-BuMA: 
BMA:CuCl:pTSC:Bipy = 175:175:1:1:2 T = 80°C, t = 400 min, S = solvent signals CH3-CO-
CH2CH3). 
 
84 Synthesis and Aggregation Behaviour of Amphiphilic… 
 
The SEC elugramms gave important information about the quality of the synthesised 
macroinitiators and block copolymers (Figure 21, A-B). In case of the macroinitiators, 
symmetric molecular weight distribution with a polydispersity below or equal 1.3 and a 
good agreement between the number average molecular weight determined via 1H NMR 
and SEC measurements were obtained (Table 4, entry 1-2) indicating a good control over 
the polymerisation process. Additionally, high end group functionalisation of the 
macroinitiators was achieved because no bimodal molecular weight distribution of the final 
block copolymer was observed. The SEC elugramms of the desired block copolymers 
showed likewise the one of the macroinitiators a symmetrical curve with only a slight 
increase in polydispersity up to 1.44 (Figure 21, C-D). The increased polydispersity caused 
a bigger discrepancy of the number average molecular weight determined via 1H NMR and 
SEC (Table 4, entry 3-4). 
 
24 26 28 30 32
Retention Time [min]
ABCD
 
Figure 21: SEC elugramms of the macroinitiator P(t-BuMA)180-Cl (A) and P(t-BuMA)113-b-
P(t-BuMA76-co-BMA68)-Cl (B) and the resulting diblock and triblock copolymers P(t-BuMA)180-b-
P(BMA)168 (C) and P(t-BuMA)113-b-P(t-BuMA76-co-BMA68)-b-P(BMA)100 (D) 
 
Finally, the acid catalysed deprotection of the P(t-BuMA) segments was performed in 5 
fold molar excess of trifluoroacetic acid (with respect to the t-butyl groups) in 
dichlormethane at room temperature. The successful elimination was controlled via 
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1H NMR spectroscopy (Figure 22). where the signal of the tert-Butyl group at δ = 1.48 
ppm disappeared after the reaction in dichloromethane with a 5 fold molar excess of 
trifluoroacetic acid. 
ppm (t1)
0.01.02.03.04.05.06.0
ppm (t1)
0.01.02.03.04.05.06.0
 
Figure 22: 1H NMR spectra of P(t-BuMA)113-b-P(t-BuMA76-co-BMA68)-b-P(BMA)100 in CDCl3 
and P(MAA)113-b-P(MAA76-co-BMA68)-b-P(BMA)100 in MeOD. 
 
3.3.2 Determination of the Critical Micelle Concentration (CMC) by 
Pyrene Fluorescence Spectroscopy. 
The onset of micellisation of the di - and triblock copolymers in aqueous media could be 
followed by fluorescence spectroscopy of pyrene which is a well known method in order to 
investigate the aggregation behaviour and to determine the CMC of the amphiphilic block 
copolymers.17,18,19 Depending on the environment of the pyrene a red light shift of the (0,0) 
absorption band and an intensity increase can be observed if pyrene migrates from the 
hydrophilic water environment into the hydrophobic P(BMA) micellar core.  
The aim was to investigate the influence of microstructure on the CMC. Therefore, 
excitation spectra with constant pyrene but varying polymer concentrations were recorded. 
As shown in Figure 23 an increase in block copolymer concentration led to a red shift of 
the peak maximum from 334.5 to 337 nm accompanied by a simultaneous increase in 
intensity.  
Pt-BuMA 
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Figure 23: Excitation spectra at λem = 390nm of pyrene at various concentrations of P(MAA)180-b-
P(BMA)168 (■ = 0,0001 mg/mL; ● = 0,01 mg/mL; ▲ = 1,0 mg/mL) 
This was a first evidence of association of the block copolymers in solution. The 
concentration dependence of the I337/I334.5 ratios of the (0,0) absorption band of pyrene was 
very sensitive to the CMC. By plotting the intensity ratio I337/I334.5 against the polymer 
concentration a sigmoidal shaped curved was observed (Figure 24).  
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Figure 24: Determination of the CMC of  P(MAA)180-b-P(BMA)168 (□) and P(MAA)113-b-
P(MAA76-co-BMA68)-b-P(BMA)100 (∆) by plotting the intensity ratio I337/I334.5 against log c 
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At low concentration of the block copolymer the total fluorescence intensity remained 
similar to pyrene excitation in water environment. With increasing block copolymer 
concentration the intensity ratio increased drastically and reached a plateau at a 
concentration of 0.1 mg/mL indicating the complete uptake of the pyrene in the micellar 
core. The intersection point between the tangent at low polymer concentration and the 
tangent at the deflection point of the sigmoidal curve define the CMC. It was evident that 
the CMC of di- and triblock copolymers was similar, because the shapes of the sigmoidal 
curves were nearly identically. The values of the CMCs of the di- and triblock copolymer 
were between 9.80 x 10-4 mg/mL and 1.07 x 10-4 mg/mL. Thus, the change in 
microstructure had a weak influence on the CMC of the block copolymer system. 
 
3.3.3 Dynamic light-scattering (DLS) 
In order to analyse the micellar system in more detail angle dependent DLS measurements 
were performed. Figure 25 shows the autocorrelation function (g1(q,τ) = g2(q,τ)-1) of the 
diblock (squared symbol) and triblock (triangle symbols) copolymers at 90°. The 
monomodal decay of the autocorrelation function demonstrates the low polydispersity of 
the copolymer micelles. A polydispersity of 0.16 and 0.20 was calculated for the di– and 
triblock copolymer micelles, respectively, according to equation 7  
2
1
2
0
2
0
2
0
κ
κ
D
DD
=
−
=σ          (7) 
where D0 is the diffusion coefficient and κ1 and κ2 are the first and second cumulant, 
respectively. 
The hydrodynamic radius Rh has been calculated from second order cumulant fits via 
Stokes-Einstein equation. The radius of the copolymer decreases from the diblock (52 nm) 
to the triblock copolymer (35 nm) which illustrates clearly the impact of the microstructure 
on the micellar sizes. The radius of micellar systems depends strongly on the orientation of 
the random middle block to the core-corona interface as was already predicted in theoretical 
calculations.13 We assume by comparing the relative length of the random middle block 
which is 33% of the overall length of the triblock copolymer with the relative decrease of 
Rh from the diblock to the triblock coplymer which is 32.5% that the random middle block 
forms a loop at the core corona interface heading with the polar MAA segments away from 
and the more unpolar BMA segments towards the core. Thus the size of the triblock 
copolymer micelles is only determined by the homopolymer start and endblock which are 
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shorter in comparison to the diblock copolymer ones. Summarized, the comparison of a 
triblock copolymer with a random middle block and an A-b-B diblock copolymer with the 
same molecular weight demonstrates a significant difference in the size. 
 
Figure 25: Correlation function from dynamic light-scattering at 90° for □ = P(MAA)180-b-
P(BMA)168 (1 mg/mL)and ∆ = P(MAA)113-b-P(MAA76-co-BMA68)-b-P(BMA)100 (1 mg/mL) 
3.3.4 Scanning force microscopy (SFM)  
SFM measurements provided additional information on the morphology of the micelles. 
The height image in Figure 26 shows discrete spherical particles assigned to micelles. To 
ensure meaningful statistics the size distribution of the micelles was determined over (3x3) 
µm2. Figure 27 shows that the diameter follow Gaussian distribution centred on 34 nm for 
the diblock and 29 nm for the triblock copolymer. Furthermore, the average height 
distribution does not exceed teens of nanometres. In comparison to the results of the DLS 
measurements deposition and dehydration on SiO2 surface alter drastically the micelles 
dimension.  
To understand these differences one has to consider the deposition of block copolymers 
from selective solvent which follows at least two scenarios: either i) direct adsorption of the 
micelles on the surface without altering the micelles structure or ii) adsoprtion of the block 
copolymers leads to formation of brush like monolayer on which the micelles adsorbe. 
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Insight comes from deposition of the micelles from dilute 0.1mg/mL solution. The result is 
shown in Fig. 9. The surface density of micelles is indeed reduced. However, continuous 
thin polymer layer was formed with a mean thickness of 2 nm (Figure 28). That lead us to 
the conclusion that there is substantial reorganization of the micelles in the vicinity of the 
surface and the deposition is always accompanied by formation of polymeric monolayer. 
To further support the conclusion, Mica and Graphite surfaces where coated with the 
micellar solution. The results showed that formation of brush like layer was particularly 
pronounced for hydrophilic surface e.g. SiO2 and Mica, but less evident on Graphite 
(Figure 29). 
Actually the stability of the micelles upon dehydration is solely ensured by the glassy 
PMAA shell. The core forming block is rubbery at RT and it is less polar than the shell 
which drives the PBMA segment to segregate to the air free surface. That makes the 
micelles structure metastable and susceptible to reorganize.  
Yet assuming that upon dehydration the shell of the micelle collapses on its core thus the 
observed morphological features are essentially the core of the micelle. Therefore, to 
determine the inter-particles distances the power spectral density of the images has been 
performed. The resulting spectrum displays maxima at 53 nm for the triblock and 59 nm for 
the diblock copolymers (Figure 30). These characteristic lengths were assimilated to the 
interparticles distance. 
To conclude the SFM investigation showed that dehydration of micelles on a substrate is 
accompanied by formation of brush like layer with thickness of 2nm on which the micelles 
are deposited. The dimensions of the micelles are drastically altered, the diameter is 
reduced by almost 50% compared to the hydrated state while the height does exceed 10 nm. 
Though in aqueous environment the microstructure has pronounced impact on the size of 
the micelles, the SFM analysis of dehydrated samples showed that the diblock tend to form 
larger micelles compared to the triblock but the difference is rather small 3 nm from the 
particles analysis and 6 nm from the correlation length.  
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Figure 26: SFM height images spincoated P(MAA)180-b-P(BMA)168 (right) and P(MAA)113-b-
P(MAA76-co-BMA68)-b-P(BMA)100 (left) solutions with a concentration of 1 mg/mL on silica  
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Figure 27: Average diameter distribution measured from the height SPM images. The Red graph 
corresponds to the triblock and the blue one to the diblock copolymer. The difference in size has 
been estimated by fitting the measured particles distribution with a Gaussian function. The mean 
radius of the micelles is 34±3nm for the diblock and 29±3nm nm for the triblock copolymer with 
standard deviation of 5nm. 
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Figure 28: SFM height image of the 2nm brush like layer on SiO2 substrate. The film was prepared 
from dilute solution 0.1mg/mL the white spots are micelles. 
1µm 1µm
 
Figure 29: SFM height images of triblock copolymer micelles deposited on Mica (left) and HOPG 
(right). On mica clear presence of thin polymeric layer 2nm and the micelles while on graphite the 
micelles seem to coexists with molecular layer. 
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3.4 Conclusion 
The synthesis of P(MAA)180-b-P(BMA)168 di- and P(MAA)113-b-P(MAA76-co-BMA68)-b-
P(BMA)100 triblock copolymers via ATRP with a number average molecular weight of 
40.000 g/mol and polydispersities ≤ 1.44 is described. The association behaviour, in detail 
the critical micelle concentration, the hydrodynamic radius and the morphology, of the fully 
neutralised block copolymers was studied by fluorescence spectroscopy, dynamic light 
scattering and scanning force microscopy. The predictions of the theoretical calculations in 
point of the influence of the random middle block on the CMC and hydrodynamic radius 
could be confirmed partially only. On the one hand the predicted increase in the CMC 
could not be detected by fluorescence spectroscopy. Both values for the CMC of the di- and 
triblock copolymer were identically. On the other hand the clear decrease of about 31 % 
from 52 to 35  nm in the hydrodynamic radius is in accordance to the theoretical 
calculations. Since the overall length of the random middle block represents 33 % it is 
assumed that the random middle block is orientated completely at the core corona interface 
and hence influences the hydrodynamic radius of the micelles. Additionally, DLS 
measurements at different scattering angles proved the monomodal uniform size of the 
micelle. The broader particle size distribution was attributed to the polydispersity of the 
block copolymers. Finally, the SFM investigation showed that dehydration of micelles on a 
substrate is accompanied by formation of brush like layer with thickness of 2nm on which 
the micelles are deposited. The dimensions of the micelles are drastically altered the 
diameter is reduced by almost 50% compared to the hydrated state while the height does 
exceed 10 nm. Though in aqueous environment the microstructure has pronounced impact 
on the size of the micelles, the SFM analysis of dehydrated samples showed that the 
diblock tend to form larger micelles compared to the triblock copolymer. The difference is 
rather small with 3nm from the particles analysis and 6 nm from the correlation length.  
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    95 
Chapter 4: Synthesis of Constant Gradient Copolymers 
via Semibatch ATRP Copolymerisation by Means of a 
Phenomenological Control Approach 
4.1 Introduction 
Gradient copolymers are characterised by a continuous change in chemical composition 
along the polymer chain and represent a relatively new class of macromolecular 
compounds.1 The compositional gradient g(X) is defined by Eq. 8, with X denoting the 
degree of polymerisation, Xe being the length of the gradient block, and dF1/dX 
representing the local change of the copolymer composition at the position X in the 
polymer chain (Figure 30). 
dX
dF
X
1g(X) 1
e
⋅=           (8) 
In case that g(X) remains constant along the gradient block, the respective compound is 
called a ‘constant gradient copolymer’. 
 
 
Figure 30: Schematic depiction of the composition of gradient copolymer of P(t-BuMA-grad-
BMA)  
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Theoretical calculations have been predicted that the interfacial activity, thermodynamics 
and dynamic properties of gradient copolymers should differ from those of diblock 
copolymers.2 Experimental investigations showed gradient copolymers to exhibit uniquely 
broad glass transition temperature ranges when compared to random or diblock copolymers 
depending on the composition changes along the polymer chains.3,4 The critical micelle 
concentration (CMC) of poly(styrene)-b-poly(methyl methacrylate) in PMMA was 
analysed with fluorescence spectroscopy. It was proven that the CMC of gradient 
copolymers was for about one order of magnitude higher than the CMC of comparative 
polymers, also the fluorescence showed different concentration dependence than observed 
with diblock copolymers of comparable molecular weights.5 The micelle formation of 
block and gradient copolymers of ethoxyethyl- and methoxyethyl vinyl ethers were also 
investigated by dynamic light scattering (DLS) and small angle neutron scattering 
(SANS).6,7 A so called “reel-in” effect was introduced which describes the shrinkage of 
gradient copolymer aggregates by increasing temperature. 
Besides phenomenal investigations, applications of gradient copolymers were highlighted. 
Recently, gradient copolymers were introduced as stabiliser for the emulsion / 
miniemulsion polymerisation of styrene.8,9 Due to their higher CMC, broader interfacial 
coverage and nanophase segregation gradient copolymers were also mentioned in 
application as compatibliser of immiscible polymer blends10,11 and as materials for damping 
applications.12 It hence seems that gradient copolymers can become valuable functional 
materials complementing to applications of random- and block copolymers.  
For the synthesis of gradient copolymers any controlled / living polymerisation technique 
can be used which combines simultaneous initiation of the growing chains, negligible chain 
transfer and efficient cross-propagating.13 Up to now gradient copolymers were synthesised 
by ring-opening metathesis polymerisation (ROMP),14 anionic polymerisation,15 cationic 
polymerisation,16,,17 nitroxide mediated polymerisation (NMP),18 reversible addition 
fragmentation polymerisation (RAFT)19 and atom transfer polymerisation (ATRP) 
technique.20 
Two different experimental approaches are known for the synthesis of gradient copolymers. 
The first procedure is a “one pot” or batch copolymerisation of two monomers with 
different reactivity ratios. This approach results in spontaneous gradient copolymers whose 
shape is dependent on the reactivity ratio and the feed composition of the used monomers.13 
This method is not appropriate to i) monomers with similar reactivity ratios, (ii) in the 
vicinity of azeotropic points and iii) to cross the whole compositional space. 
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Complementary, the forced gradient copolymerisation technique was proposed. These 
procedures involve a controlled feed of one or more monomers to the reaction leading to an 
improved control over the shape of the gradient.21 In the majority of cases the literature 
describes semi-batch copolymerisation with constant monomer addition rates during the 
polymerisation process.14,22 This technique allows using a wider variety of monomers in 
comparison to spontaneous gradient copolymerisations, however, gradient copolymers with 
perfect linear composition change along the polymer chain are not accessible.23 
To control the value of the compositional gradient during copolymerisation, more complex 
monomer addition programs are needed, where the addition rate of the monomer is adapted 
to the reaction kinetics of the polymerisation reaction. Perfect control over the gradient 
copolymer composition has been achieved by means of an automated polymerisation 
system that monitored conversions, compositions of monomer mixture and polymer as well 
as the molecular weight distributions on-line and used this information to control the 
monomer feed.24 In a chemical engineering approach a mathematical model for RAFT and 
ATRP semi-batch polymerisations was proposed, taking into account kinetic equations for 
each type of chain species such as radical, dormant and dead end polymer. The model 
allowed predicting the evolution of monomer conversion, molecular weight and 
polydispersity of the gradient copolymer. Based on this model a monomer addition 
program was developed which enabled a high degree of control over the compositional 
gradient.25,26,27 
Although these approaches guarantee sufficient control, the required effort for their imple-
mentation is prohibitive for many laboratory studies with respect to either experimental 
equipment (on-line monitoring – feedback systems), or gaining the required numerical 
parameters (complete mathematical models).  
Recently, a monomer addition control scheme was proposed that makes use of phenome-
nological equations and highly simplified reaction kinetic.23 Since the required parameters 
to control a specific binary copolymer system can be collected by means of two – four pilot 
polymerisations the scheme recommends itself as a compromise between the full theory, or 
full equipment based ‘perfect control procedures’, and empiric constant rate addition pro-
grams. 
The present work tests the viability of the ‘phenomenological approach to control 
gradients’23 by its application to the gradient copolymerisation of tert-butyl methacrylate 
(t-BuMA) and n-butyl methacrylate (BMA) to generate poly(t-BuMA-grad-BMA) macro-
molecules of different compositional gradients.  
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4.2 Experimental  
4.2.1 Materials 
N-butyl methacrylate (BMA, 99%, Merck) and tert-butyl methacrylate (t-BuMA, 98%, 
Aldrich) were purified via column chromatography over Al2O3 (Fluka, type 5016A basic). 
N,N,N’,N’’,N’’-Pentamethyldiethylentriamine (PMDETA, 97% Fluka), p-toluenesulfonyl 
chloride (pTSC 98% Aldrich), CuCl (97%, Fluka), methylethylketone (MEK, 99.5%, 
Merck), were used without further purification. 
 
4.2.2 Pilot Copolymerisation of t-BuMA / BMA – Determination of the 
monomer reactivity ratios and the copolymerisation rate constant 
function 
In a typical procedure a Schlenk tube was subsequently filled with pTSC (0.0344 g, 1.81 x 
10-4 mol), t-BuMA (3.0 g, 0.0211 mol), BMA (1.49 g, 0.0105 mol), MEK (4.5 g) and 
PMDETA (0.0310g, 1.81 x 10-4 mol). After complete dissolution of all components, CuCl 
(0.0180 g, 1.81 x 10-4 mol) was added, the Schlenk tube was sealed with a rubber septum 
and immersed in an oil bath at 80 °C over a time period of 3.0 h. Samples were taken 
periodically (15, 30, 60, 90, 120, 180 min) with a syringe. Therefore, a few drops of the 
samples were diluted in 0.6 mL ice cold CDCl3 in order to dertermine the monomer 
conversion via 1H-NMR spectroscopy using for t-BuMA the peaks at δ = 1.5 ppm 
(-C(CH3)3 both for the polymer and the monomer) and at δ = 6.0 ppm (CH2=CH- for the 
monomer), for BMA the peaks at δ = 3.90 ppm (-OCH2R for the polymer) and δ = 4.15 
ppm (-OCH2R for the monomer). The samples were further characterised by SEC after 
removal of the copper complex by flash chromatography on a small Al2O3 column. The 
experimental conditions of the pilot copolymerisation are summarised in Table 5. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 3.90 (s, 2H, -OCH2R), δ = 1.60-2.10 (broad peak, 
4H P(BMA) CH2-backbone / CH2-side chain and 2H P(t-BuMA), CH2-backbone), δ = 1.3-
1.6 (s, 9H, P(t-BuMA), C(CH3)3 and P(BMA), CH2-side chain), δ = 0.9-1.3 (broad peak, 
3H P(BMA) and 3H P(t-BuMA), CH3). 
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Table 5: Experimental conditions of the pilot copolymerisation of t-BuMA and BMA at T = 80 °C 
and MEK = 4.5 g 
Entry 
t-BuMA 
[mol] 
BMA 
[mol] 
pTSC 
[mol] 
CuCl 
[mol] 
PMDETA 
[mol] 
P1 0.0316 -- 1.81·10-4 1.81·10-4 1.81·10-4 
P2 0.0211 0.0105 1.81·10-4 1.81·10-4 1.81·10-4 
P3 0.0105 0.0211 1.81·10-4 1.81·10-4 1.81·10-4 
P4 -- 0.0316 1.81·10-4 1.81·10-4 1.81·10-4 
 
4.2.3 Synthesis of gradient copolymers via a monomer addition program 
In a Schlenk tube pTSC (0.035 g, 1.81 x 10-4mol), MEK (4.5 g), t-BuMA (4.5 g, 0.0316 
mol) and PMDETA (0.031 g, 1.81 x 10-4 mol) were filled. BMA (4.5 g, 0.0316 mol) was 
drawn up in a 5 mL syringe and placed in a syringe pump (Harvard Apparatus Inc, Model 
22) which was connected via serial cable to a computer. The monomer addition program 
was provided with the moles of t-BuMA and initiator in the reaction volume, the density / 
molecular weight of BMA and the effective rate constant. After complete preparation of all 
solutions, CuCl (0.298g, 3.0 x 10-3 mol) was added, the Schlenk tube was sealed with a 
rubber septum and immersed in an oil bath at 80 °C for 7 h. Immediately the monomer 
addition program was started. 
Samples were taken periodically with a syringe to investigate the kinetics. Therefore, a few 
drops of the samples were diluted in 0.6 mL ice cold CDCl3 in order to determine the 
monomer conversion via 1H NMR spectroscopy using for t-BuMA the peaks at δ =1.5 ppm 
(-C(CH3)3 both for the polymer and the monomer) and at δ = 6.0 ppm (CH2=CH- for the 
monomer), for BMA the peaks at δ = 3.90 ppm (-OCH2R for the polymer) and δ = 4.15 
ppm (-OCH2R for the monomer). The samples were further characterised by SEC after 
removal of the copper complex by flash chromatography on a small Al2O3 column.  
The reaction was terminated after 420 min polymerisation time by cooling the Schlenk tube 
to room temperature in a water jet, opening to atmosphere and quenching by addition of 
100 mL dichlormethane. By subsequent stirring in air the copper catalyst was completely 
oxidised and removed by flash chromatography over Al2O3. The gradient copolymer was 
precipitated in a methanol / water mixture (1/1 w), collected by filtration and dried in high 
vacuum.  
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Altogether three different gradient copolymer syntheses were performed with varying 
molar ratios of t-BuMA and BMA. The experimental data are sumerised in Table 6. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 3.90 (s, 2H, -OCH2R), δ = 1.60-2.10 (broad peak, 
4H P(BMA) CH2-backbone / CH2-side chain and 2H P(t-BuMA), CH2-backbone), δ = 1.3-
1.6 (s, 9H, P(t-BuMA), C(CH3)3 and P(BMA), CH2-side chain), δ = 0.9-1.3 (broad peak, 
3H P(BMA) and 3H P(t-BuMA), CH3). 
 
Table 6: Experimental conditions of the gradient copolymerisation of t-BuMA and BMA at T = 
80 C and MEK = 4.5g 
Entry 
t-BuMA 
[mol] 
BMA 
[mol] 
pTSC 
[mol] 
CuCl 
[mol] 
PMDETA 
[mol] 
MEK 
[g] 
G100 0.0316 0.0316 1.81·10-4 1.81·10-4 1.81·10-4 4.5 
G075 0.0316 0.0190 1.81·10-4 1.81·10-4 1.81·10-4 4.5 
G050 0.0316 0.0105 1.81·10-4 1.81·10-4 1.81·10-4 4.5 
 
4.3 Molecular Characterisation 
4.3.1 1H NMR  
1H NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 MHz. 
Deuterated chloroform (CDCl3) was used as a solvent, and tetramethylsilane (TMS) served 
as an internal standard.  
 
4.3.2 SEC 
Size exclusion chromatography (SEC) analyses were carried out by using a high pressure 
liquid chromatography pump (Polymer Laboratories HPLC pump LC1120) and a refractive 
index detector (ERC 7515A) at 35 °C. The eluting solvent was tetrahydrofuran (THF, 
HPLC grade) with 250 mg/L 1,2,6-di-tert-butyl-4-methylphenol (Aldrich) and a flow rate 
of 1.0 mL/min. Four columns with MZ-DVB gel (5 µm, 300 mm, 50 Å, 100 Å, 1000 Å, 
10.000 Å) were applied. The number-average molecular weight (Mn) and polydispersity 
index (PDI) were determined using polymethyl methacrylate standards calibration. 
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4.4 Results and discussion 
4.4.1 Pilot polymerisation of t-BuMA and BMA for the determination of 
the monomer reactivity ratios and the effective copolymer rate constant 
fucntion 
The aim of this study was to prepare P(t-BuMA-grad-BMA) gradient copolymers 
consisting of pure t-BuMA at the start of the macromolecule and of either pure BMA or a 
pre-defined t-BuMA / BMA ratio at its end. The monomer composition should change 
linearly along the polymer chain (Figure 30) from Ft-BuMA = 1 to a final value Ft-BuMA,e. 
To prepare the polymers the ATRP technique as referenced in was used,28,29 since ATRP 
combines the controlled character of a living polymerisation with the robustness of a free 
radical polymerisation. The molecular weight can well be adjusted by the molar ratio of 
monomer to initiator and the monomer conversion.30  
For the purpose of this study the lack of induction periods at the start of polymerisation is 
of paramount importance. Therefore, p-toluenesulfonyl chloride (pTSC) was selected as an 
initiator, since it was well investigated with controlled radical polymerisation of styrenes 
and (meth)acrylates.31 For a high rate of polymerisation the applied catalyst system should 
have i) a good solubility in the reaction medium and ii) a low redox potential resulting in 
higher rates of activation of the dormant species. This is beneficial for the gradient 
copolymer synthesis because due to the small reaction volume used in the polymerisation 
process a low rate of polymerisation would cause a very low addition rate of the added 
monomer (especially in the end of polymerisation) and fall short of the minimum addition 
rate of the syringe pump. Thus, the catalyst system CuCl / PMDETA was used, since the 
tridentate ligand PMDETA was reported to enable good control over the polymerisation as 
well as an increased rate of polymerisation when compared to bipyridine.32  
The ‘phenomenological approach to control gradients’ consists of three steps, namely (i) 
acquisition of the required parameters by small scale pilot copolymerisation experiments, 
(ii) calculation of the monomer addition program and (iii) preparation of the gradient 
copolymers. To make the scheme work one requires the monomers reactivity ratios rt-BuMA 
and rBMA, as well as a numerical function describing the rate of copolymerisation in 
dependence of the monomer composition, i.e. effective rate constant function k(fBMA).23 
To determine the monomer reactivity ratios and the effective rate constant function of the 
atom transfer radical copolymerisation of t-BuMA / BMA, four pilot copolymerisations 
were performed using the molar monomer ratios 3:0, 1:2, 2:1 and 0:3 of t-BuMA : BMA, 
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respectively. Aliquot samples were taken periodically to determine the monomer 
conversion by means of 1H-NMR spectroscopy. Figure 31 depicts a typical 1H-NMR 
spectrum of a copolymerisation reaction mixture. 
 
 
Figure 31: Representative 1H-NMR spectrum of P(t-BuMA-grad-BMA) G100 during gradient 
copolymer synthesis (t = 120 min, S = solvent signals CH3-CO-CH2CH3). 
 
To evaluate the monomer conversions the integrated sum signal of the tert-butyl groups 
from monomer and polymer (Figure 31, signal 3,3’,7,7’), the signal of the double bonds of 
t-BuMA (Figure 31, signal 1), as well as the monomer and polymer signals from the –O-
CH2- units of the n-butyl groups (Figure 31, signal 6, 6’) were used (cf. Equations 9a-f and 
Figure 31). 
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(px = conversion of monomer x, the Integral numbers are related to Figure 31) 
 
To calculate the monomer reactivity ratios (rt-BuMA ; rBMA) and the effective rate constants 
k(fBMA), first order kinetic plots (-ln(1-p) vs. reaction time) were prepared from each pilot 
polymerisation. The slope of the resulting linear relation equals to the rate constant kmonomer 
of the individual monomer in the mixture. The monomer composition in solution fmonomer is 
determined by the starting conditions of the pilot polymerisations (Eq. 10). Together with 
the rate constant of the monomers the monomer composition in the polymer can be 
calculated according to Eq. 11.  
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(FBMA = molar fraction of BMA in the copolymer, fBMA, ft-BuMA = molar fractions of BMA 
or t-BuMA in the monomer mixture, rBMA, rt-BuMA = reactivity ratios, kBMA, kt-BuMA = 
effective individual rate constants of polymerisation of the monomers in the 
copolymerisation mixture, k(fBuMA) = effective copolymerisation constant, k0,t-BuMA = rate 
of homopolymerisation of t-BuMA).  
 
Subsequently the copolymerisation parameters were obtained by least square fit of the 
Lewis-Mayo equation (terminal model, Eq. 12) to the polymer / monomer composition 
data. Since the kinetic constants refer to the initial rate of polymerisation (i.e. p  0) it is 
valid to use the differential form of the copolymerisation equation. The respective 
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copolymerisation diagram is shown in Figure 32. The monomer compositions in solution / 
polymer, the rate constants and the reactivity ratios of the monomers are listed in Table 7. 
 
 
Figure 32: Copolymerisation diagram of t-BuMA and BMA. The dotted line represents the ideal 
alternating copolymerisation whereas the solid line is the least square fit of the Mayo-Lewis 
equation to the experimental differential copolymer compositions. 
 
The effective copolymerisation rate constants k(fBMA) were obtained by means of Eq. 13 
from the individual monomers rate constants and the molar composition of the monomer in 
solution. Note that these effective rate constants depend on the initiator concentration and 
must be re-scaled in case that the gradient copolymerisation is performed with different 
initiator concentrations. Because of the virtual linear dependence of the effective co-
polymerisation rate constants k(fBMA) from the molar fraction of BMA in the reaction 
mixture, a linear function (Eq. 14) was fitted to the rate constant values to obtain a 
phenomenological equation (Figure 33). This equation and the monomer reactivity ratios, 
listed in Table 7, are necessary in order calculate the monomer addition program.  
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Figure 33: Measured effective copolymerisation rate constants k(fBMA) and fitted function k(fBMA) = 
k0⋅(1+a⋅ fBMA) 
 
Table 7: Kinetical results of the ATRP pilot copolymerisation of t-BuMA and BMA 
Pilot 
experiment 
kt-BuMA 
[s-1] 
kBMA 
[s-1] 
k(fBMA) 
[s-1] 
fBMA FBMA 
P1 1.55 10-4 --- 1.55·10-4 0.00 0.00 
P2 1.63·10-4 1.40·10-4 1.55·10-4 0.33 0.30 
P3 2.00·10-4 1.62·10-4 1.72·10-4 0.66 0.62 
P4 --- 1.83·10-4 1.83·10-4 1.00 1.00 
monomer reactivity 
ratios: 
rt-BuMA = 1.13 
rBMA  = 0.81 
 
  
effective rate constant function: 
k(fBMA) = (0.0091 ± 0.0003) min-1 · {1+ 
(0.202± 0.0005) · fBMA} 
 
106 Synthesis of Constant Gradient Copolymer via Semibatch ATRP… 
 
4.4.2 Calculation of the monomer addition program 
Prior work revealed that due to the similar reactivity ratios of t-BuMA and BMA, triblock 
copolymers with a random middle block were accessible by ATRP.33 Although the catalyst 
system was changed from CuCl / Bipy to CuCl / PMDETA for the gradient copolymer 
synthesis, the reactivity ratio did not change significantly and the monomers still have the 
tendency to copolymerise randomly (Table 7). Hence, spontaneous gradient copolymers 
consistent of 50/50 t-BuMA / BMA are not accessible in a batch copolymerisation. Thus, a 
monomer addition program exhibits the only method to synthesise linear gradient 
copolymers. 
To calculate the monomer addition program required for the synthesis of polymers 
containing a pre-defined gradient g(X) the differential equation system (15) – (18) must be 
solved:23 
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(q = monomer addition function, p = monomer conversion, g = dF1/dx ⋅ 1/Xe = 
compositional gradient, Xe = degree of polymerisation of the gradient block) 
 
In this equation system p denotes the monomer conversion, while the amount of monomer 
brought in the system is quantified by the parameter q. Here q is defined as the ratio of the 
total number of monomer moles in the system (nin = n0+ nadd) at a certain monomer conver-
sion p and the maximum amount of monomer units present in the reaction system at the end 
of the reaction, nein (q = nin/nein). In case of a constant compositional gradient g, the initial 
monomer content at the start of the reaction is given by Eq. (18). The corresponding 
theoretical values of the copolymer composition at the chain end (Ft-BuMA,e), the cumulative 
composition of the gradient block (Ft-BuMA,cum) and the initial monomer addition (q0) for the 
three copolymers are summarized in Table 8.
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Table 8: Theoretical values of compositional gradients g and corresponding compositions and 
initial monomer contents of gradient copolymer samples G100 – G050. 
Sample Gradient, g Ft-BuMA,e Fcum,t-BuMA q0 
#1, G100 -1.00 0.00 0.500 0.500 
#2, G075 -0.75 0.25 0.625 0.625 
#3, G050 -0.50 0.50 0.750 0.750 
g = (dFt-BuMA/dX)/Xe, q0 = nt-BuMA,0 / (nt-BuMA,0+ nBMA,e) 
 
The differential equation system (Eq. 15 - 18) was solved numerically for three values of 
the gradient (g = -1, -0.75, -0.50) by means of the program GRADDOS123 to yield 
monomer addition programs in form of a numerical tables containing addition times and 
respective addition rates. Figure 34 depicts plots of the monomer addition time schemes 
that were required to generate the respective gradient copolymers.  
The monomer addition function q(t) started with the values q0 = 0.5 (G100), 0.625 (G075), 
and 0.75 (G050), continuously increased with the reaction time and finally approached 
qe = 1. Simultaneously the monomer addition rate functions dq/dt decreased according to a 
crudely exponential time law. After a reaction time of 400 min at least 90 % of BMA must 
have been added to the reaction mixture  and the addition amount per minute became 
reduced to below dq/dt = 0.05 min-1. It is general tendency in this system that the initial 
monomer addition rate increases with smaller compositional gradients. This virtually 
paradox result bases on the fact that a smaller constant gradient implies the presence of a 
larger initial amount of the pre-submitted first monomer (Eq. 18), causing a higher initial 
rate of polymerisation. 
 
4.4.3 Gradient copolymer synthesis of t-BuMA and BMA by a monomer 
addition program 
Figure 35 depicts the experimental setup used for the synthesis of the gradient copolymers 
G100, G075, and G050 by means of a semibatch copolymerisation process. A stock 
solution consisting of initator, CuCl, PMDETA and t-BuMA was placed in the reaction 
vessel. The reaction was started by heating to 80°C and BMA was added according to the 
pre-calculated monomer addition program by means of a computer controlled syringe 
pump. 
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Figure 34: Plots of the calculated monomer addition functions qadd(t) and monomer addition rate 
function dqadd/dt versus the polymerisation time used in the preparation of the gradient copolymers 
G100 (solid lines), G075 (dashed lines), and G050 (dotted lines) 
 
 
Figure 35: Experimental setup for the semibatch ATRP preparations of P(t-BuMA-grad-BMA) 
gradient copolymers 
Chapter 4  109 
 
To characterise the growing gradient copolymers, samples were taken during the 
polymerisation reaction and analyzed by means of SEC and 1H-NMR spectroscopy.  
The evolution of the products molecular weight distribution with reaction time is shown at 
hand of the polymer G075 in Figure 36. With increasing reaction time the molecular 
weight distribution curves became shifted to higher molecular weights. During the 
polymerisation process no bimodal distributions were found, only in the end of 
polymerisation a tailing towards lower molecular weight occurred. This can be due to the 
use of PMDETA which tends to hydrogen radical abstraction during polymerisation and 
thus, is responsible for the slow gradually increase of the polydispersity with reaction 
time.34 Nevertheless, the polydispersities of the synthesised gradient copolymers were 
always below 1.3. In combination with the linear increase of the number average molecular 
weights (see Figure 36) the controlled character and therefore the control of the 
microstructure of all three gradient copolymers syntheses was demonstrated. The molecular 
weight data of the final products are summarized in Table 9. 
The formation of the compositional gradient is reflected by the development of the 
cumulative (Fcum,t-BuMA) and the instantaneous (Finst,t-BuMA) t-BuMA content of the polymer 
with conversion. From the NMR spectra of the reaction mixture the respective monomer 
conversions were obtained (Eq. 8) and used to calculate the numbers of moles of t-BuMA 
(nt-BuMA) and BMA (nBMA) that were incorporated in the polymer at the respective reaction 
time (Eq. 19). Subsequently these values were used to evaluate the total monomer 
conversion (Eq. 20) as well as the cumulative (Eq. 21) and the instantaneous t-BuMA 
content (Eq. 22) of the polymer. 
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(Fcum,t-BuMA = cumulative molar fraction of t-BuMA in the gradient copolymer, Finst,t-BuMA = 
instantaneous, i.e. local molar fraction of t-BuMA in the gradient copolymer, nX = total 
number of moles of monomer X incorporated in the gradient copolymer, nt-BuMA,Init = 
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number of moles of t-BuMA at the start of polymerisation, nBMA,e = amount of added BMA 
at the end of polymerisation ) 
 
 
Figure 36: (a) SEC elugrams of P(t-BuMA-grad-BMA) (G050) taken at 60, 120, 250, 360, and 420 
min reaction time (from the left to the right) and (b) number average molecular weight Mn (full 
symbols) and polydispersity Mw/Mn (empty symbols) of the P(t-BuMA-grad-BMA) gradient 
copolymerisation (G100: ■, G075:▲, G050: ●) determined by SEC 
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Figure 37 depicts the monomer conversion dependence of the cumulative and the 
instantaneous polymer composition for the three gradient copolymers. In both types of 
diagrams the deviation of the experimental compositions from the theoretical values points 
is very small. Deviations are present mainly at low conversions in the cumulative 
composition diagram, because here the relative changes of the measured values are smaller 
than for the instantaneous composition diagram. A clear linear decrease of t-BuMA along 
the polymer chain was achieved over the targeted conversion range and the development of 
the instantaneous composition is at any conversion different for each type of gradient 
copolymer. No blocky copolymers or S-type gradient structures were formed.  
The time evolution of the experimental data showed differences between all three gradient 
copolymers. For the copolymer with the steepest gradient (G100) at the start of the 
polymerisation the compositions were below the theoretical ones whereas for copolymers 
with the smallest gradient (G050) the opposite was observed. Between these two extremes 
the gradient copolymer G075 was found. Below a conversion of 50 % the experimental 
compositions were larger, otherwise lower than predicted. 
Although all reactions were stopped after a reaction time of 420 min where conversions 
exceeding 97% were predicted the experimental monomer conversions were below this 
value (G025: 87%, G050: 84%, G100: 74%). Consequently the targeted cumulative 
compositions have not completely been obtained as shown in Table 9. The deviations 
between the targeted and the obtained cumulative compositions increased with growing 
values of the compositional gradients from (Fcum,exp – Fcum,calc) 3% (G075), over 6.5% 
(G050) to 12% (G100).  
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Figure 37: Plot of the cumulative (a) and the instantaneous t-BuMA content (b) of the gradient 
polymers vs. the monomer conversion for three experiments G100 (), G075 (), and G050 (). 
The targeted final values of Fcum,t-BuMA and Finst,t-BuMA are represented by dotted lines, the solid lines 
represent the theoretical compositions. 
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Table 9: Polymer characterisation of gradient copolymers by 1H NMR spectroscopy and SEC 
 Polymer 
Mn, NMR 
[g/mol] 
Mn, SEC 
[g/mol] PDI 
p 
[%] 
Fcum,clc.
a) 
Fcum,     
t-BuMA 
G100 
P(t-BuMA160-
grad-BMA100) 
37.100 33.000 1.22 74.4 0.500 0.62 
G075 
P(t-BuMA162-
grad-BMA73) 
33.500 48.500 1.29 84.3 0.625 0.69 
G050 
P(t-BuMA159-
grad-BMA44) 
29.000 42.500 1.27 87.1 0.750 0.78 
a)
 targeted Fcum, t-BuMA at 100 % conversion 
 
The reason for this behaviour is most probably the highly approximate nature of Eq. 17 that 
describes the reaction kinetics of the copolymerisation under negligence of dilution effects, 
polymerisation caused volume contraction and time dependences of the ARTP equilibrium. 
Obviously, the proposed simplified reaction kinetics still allows a highly effective control 
of the polymers gradient structure up to monomer conversions of about 75 – 80%. For the 
quality of a gradient copolymer, the compositional change along the polymer chain is more 
important than its final polymer composition.  
 
4.5 Conclusion 
The paper reports on the synthesis of well defined linear P(t-BuMA-grad-BMA) gradient 
copolymers with constant compositional gradients by means of the of the 
‘phenomenological approach to control gradients’. Atom transfer radical polymerisation 
was selected as the controlled polymerisation reaction featuring the linear evolution of the 
number average molecular weight with conversion and polydispersities below 1.3 for the 
copolymerisation of t-BuMA and BMA. After obtaining the required parameters with four 
pilot experiments, a BMA addition program was calculated and implemented to generate 
three gradient copolymers with (dFt-BuMA/dX)/Xe = -0.5, -0.75, and -1.0, respectively. 
Although the applied working scheme was based on strong simplifications with respect to 
the reaction kinetics it allowed extensive control of the gradient structure, since the 
observed compositional change along the polymer chains was in good agreement with the 
theoretical calculations up to monomer conversions of 74 – 87%. Their molecular weight 
distribution of the products was narrow (Mw/Mn < 1.3) up to number average molecular 
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weights of 37.000 g/mol. In upcoming work the physical properties of the prepared gradient 
copolymers like their thermal behaviour, their melt rheology as well as their solution 
properties will be reported. 
The main advantage of the proposed ‘phenomenological approach’ scheme is its simplicity 
with respect to the required experimental equipment, its relatively low effort to gain the 
required control parameters, and its virtual universal applicability. 
In future work the scheme will be extended to (i) improve control by covering dilution 
effects and (ii) generate gradient copolymers with pre-defined non-linear gradient 
structures. Other possible improvements include the use of using macroinitiators to prepare 
gradient block copolymers or using real living polymerisation techniques with reduced side 
reactions, allowing for longer polymerisation times and higher conversions. 
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Chapter 5:  Synthesis of Double Hydrophilic Block 
Copolymers having same Composition but Different 
Microstructure 
5.1 Introduction 
The structure of amphiphilic block copolymers consists of a hydrophilic and hydrophobic 
block, so that they can be considered as polymeric surfactants. In selective solvents they 
show indeed a critical micelle concentration (CMC) which is, in comparison to low 
molecular weight surfactants, remarkably lower. Additionally, much slower exchange 
kinetics between the unimers in solution and the micelles is observed.1 During the recent 
years a new class of amphiphilic block copolymers has attracted the attention of many 
research groups. They are water soluble, show self-association in solution and have the 
ability for controlled interaction with other nanosized building blocks. This new class of 
polymers is called double hydrophilic block copolymers (DHBC).2 With regard to block 
copolymers containing at least one ionic group the class of DHBC is divided into two 
subgroups (Figure 38). 
 
DHBC
Polyzwitterionic Polyelectrolyte
Polyampholytes Polybetaines Single Stimulus Double Stimuli
 
Figure 38: Classification of double hydrophilic block copolymers (DHBC) 
 
The first group consist of polyzwitterionic polymers which contain cationic and anionic 
groups.3 Depending on where the charges are located these polymers are called 
polyampholytes (polymer with cationic or anionic groups on different monomer units) or 
polybetaines (polymers with cationic and anionic groups on the same monomer unit). Both 
types of block copolymers show chain extension upon the addition of low molecular weight 
electrolytes; the so called antipolyelectrolyte effect. Typical polyampholyte block 
copolymer are poly(2-vinyl pyridine)-b-poly(acrylic acid),4 poly(p-(N,N’-
dimethylamino)styrene)-b-poly(methacrylic acid)5 or poly(4-vinylbenzoic acid)-b-poly(2-
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N-(morpholino)ethyl methacrylate.6 They exhibit near to the isoelectric point a viscosity 
and coil size minimum whereas precipitation occurs at zero net charge. Polybetaines 
typically possess a quarternary ammonium as the cationic moiety and a sulfonate 
(sulfobetaines)7, a carboxylate (carbo- or carboxybetaines)8 or a phosphonate / phosphinate 
(phosphobetaines)9 as anionic species. In comparison to polyampholytes, polybetaines are 
hardly water soluble. This insolubility is caused by the formation of intra- and interchain 
ionic contacts resulting in an ionically cross-linked network structure. The solubility is 
increased by addition of low molecular weight electrolytes (e.g. NaCl) which screened the 
net attractive electrostatic interaction between the polymer chains.10 
The second group of DHBC are called polyelectrolytes containing anionic or cationic 
groups along the polymer chain. This group is subdivided into single and double stimuli 
responsive DHBC. 2,11 A considerable amount of literature concerning the application of 
DHBC is related to micelle formation due to temperature or pH sensitivity of one block. 
The main part responds to single stimuli responsive DHBCs where in numerous cases 
poly(ethylene oxide) is used as hydrophilic noncharged block,12,13 like for e.g. 
poly(ethylene oxide)-b-poly(2-vinylpyridine)14 or poly(ethylene oxide)-b-poly(methacrylic 
acid)15. Especially, micelle formation of double hydrophilic block is investigated for e.g. 
for the block copolymers poly(N-isopropylacrylamid)-b-poly(acrylic acid)16, 
poly(N,N-diethylacrylamide)-b-poly(acrylic acid)17 or poly(N-isopropylacrylamide)-b-
poly(L-glutamic acid)18 which show pH and temperature sensitivity due to the 
deprotonation of the carboxylic acid groups and the low critical solution temperature 
(LCST) of the acrylamide block.  
Recapitulatory, due to the flexible design with respect to the functional blocks, DHBC can 
adapt to nearly every type of substrate. Additionally, ecology and society demand the use of 
water as solvent and new materials have to be found which do the same job in water that 
other substances have done in organic solvents. That is why miscellaneous applications 
were developed in the recent years for DHBCs. These applications included drug delivery 
systems,19switchable amphiphiles,20 mineralisation templates,21 crystal growth modifier22 
and nanoreactors for metal colloid synthesis.23  
In this section the synthesis of low molecular weight single and double stimuli responsive 
DHBCs of the type A-b-B and A-b-(A-co-B)-b-B via atom transfer radical polymerisation 
(ATRP) are described. The monomer pair 2-(hydroxyethyl) methacrylate / methacrylic acid 
(HEMA / MAA) depicts the single stimuli responsive DHBC whereas the monomer pair 
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2-(2-methoxyethoxy)ethyl methacrylate / methacrylic acid (MEO2MA / MAA) exhibits the 
double stimuli responsive DHBC. 
Due to its excellent biocompatibility and physicochemical properties similar to those of 
living tissues P(HEMA) exhibits one of the most extensively studied materials in tissue 
engineering.24,25 A lot of publications deal with the synthesis of stimuli-responsive 
hydrogels where the backbone is consistent out of P(HEMA).26,27 Additionally, P(HEMA) 
is often used as polymeric backbone for densely grafted copolymers synthesised via the 
grafting from approach.28,29 Here the pendant hydroxyl groups are esterified with α-
bromoisobutyryl bromide. The newly formed multifunctional initiator poly(2-(2-
bromoisobutyryloxy)ethyl methacrylate serves as ATRP initiator for (meth)acrylates.30 The 
combination of t-BuMA / HEMA can rarely be found in literature. Only linear copolymers 
synthesised by free radical or atom transfer radical polymerisation are described.31,32  
MEO2MA represents an alternative monomer to ethylene oxide. Although possessing only 
a short oligo(ethylene glycol) side chain, the homopolymer is water soluble at room 
temperature.33 Hence, MEO2MA would be also a particularly tempting monomer for 
preparing water-soluble segments by controlled radical polymerisation. The low critical 
solution temperature (LCST) of P(MEO2MA) (26 °C) is the major limitation of the 
polymer,33 but in combination with oligo(ethylene glycol) methacrylates with longer side 
chains, the LCST of the copolymers can be well adjusted by the ratio of the two 
monomers.34,35 Thus, thermoresponsive copolymers with defined LCST can be obtained 
which are also able to replace the widely used poly(N-isopropylacrylamide).36,37 
To the best of our knowledge this is the first described synthesis of A-b-B diblock- and 
A-b-(A-co-B)-b-B triblock copolymers via ATRP out of the monomer pairs HEMA / MAA 
and MEO2MA / MAA. Since it is not possible to polymerise MAA by ATRP the tert-butyl 
monomer (t-BuMA) having a protected carboxylic group was chosen. Additionally, HEMA 
was introduced into the block copolymer in the trimethylsilyl protected form 
(HEMA-TMS). The synthesis of the di- and triblock copolymers is divided into three 
reaction steps. In the first reaction step the macroinitiators P(t-BuMA)-Cl and P(t-BuMA)-
b-P(t-BuMA-co-HEMA-TMS)-Cl or P(t-BuMA)-b-P(t-BuMA-co-MEO2MA)-Cl were 
synthesised before in a second reaction step the macroinitiators were used to polymerise the 
second monomer and to prepare the corresponding di- and triblock copolymers. 
Deprotection of the tert-butyl methacrylate repeating units in order to yield the free 
methacrylic acid represents the last reaction step. The resulting block copolymers were 
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analysed and the controlled character of the polymerisation was proven by 1H-NMR 
spectroscopy as well as by size exclusion chromatography (SEC).  
 
5.2 Experimental 
5.2.1 Materials 
2-(Trimethylsilyloxyl)-ethyl methacrylate (HEMA-TMS, 96%, Aldrich) was distilled prior 
to use (bp: 44 °C at 0.01 mbar). Tert-butyl methacrylate (t-BuMA, 98%, Aldrich), 2-(2-
methoxyethoxy)ethyl methacrylate (MEO2MA, 95%) was purified via column 
chromatography over Al2O3 (Fluka, type 5016A basic). Bipyridine (Bipy 99%, Acros), 
p-toluenesulfonyl chloride (pTSC 98%, Aldrich), p-fluorphenylsulfonyl chloride (FBSC, 
98%, Aldrich), CuCl (97%, Fluka), dichloromethane (DCM, 99.9%, KMF), 
methylethylketone (MEK, 99.5%, Merck), tetrahydrofuran (THF, hplc-grade, KMF) and 
1,2,6-di-tert-butyl-4-methylphenol (99%, Aldrich) were used without further purification. 
All reactions were carried out in argon atmosphere (Argon Westfalen AG, 4.6, dried over 
mole sieve (4Å) and potassium on aluminium oxide). 
 
5.2.2 Synthesis of P(t-BuMA)32-Cl macroinitiators 
FBSC (1.37 g, 7.03 x 10-3 mol), t-BuMA (50.0 g, 0.3516 mol), MEK (50 g) and Bipy 
(2.31g, 1.47 x 10-2 mol) were filled in a Schlenk tube. After complete dissolution of all 
components, CuCl (0.696 g, 7.03 x 10-3 mol) was added, the Schlenk tube was sealed with 
a rubber septum and immersed in an oil bath at 90 °C over a time period of 3.5 h.  
Samples were taken periodically with a syringe to determine monomer conversion. 
Therefore a few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed 
via 1H NMR spectroscopy using the peaks at δ = 1.5 ppm (-C(CH3)3 both for the polymer 
and the monomer), the peaks at δ = 6.0 ppm (CH2=CH- for the monomer) and for FBSC the 
peaks at δ = 7.90 ppm (CH-aryl). The polymer samples were further characterised by SEC 
after removal of the copper complex by flash chromatography on a small Al2O3 column. 
The reaction was finally terminated at 50 % conversion by cooling the Schlenk tube to 
room temperature in a water jet, opening to atmosphere and quenching by addition of 
100 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in a methanol/water mixture (1/1 w). The polymer was collected by filtration and dried in 
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vacuum ( 25.0 g, 50% yield). Mn = 4500 g/mol determined via 1H NMR in CDCl3; Mn = 
5000 g/mol, PDI = 1.20 determined via SEC in THF. The experimental conditions and the 
molecular characteristics of the homopolymers are summarised in Table 10 and 11.  
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 7.90 (m, 2H, CH-aryl), δ = 7.20 (m, 2H, CH-aryl), 
δ = 1.60-2.10 (broad peak, 2H, CH2-backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 
(broad peak, 3H, CH3). 
 
5.2.3 Synthesis of P(t-BuMA)16-b-P(t-BuMA11-co-HEMA14)-Cl 
FBSC (0.556g, 2.86 x 10-3mol), MEK (20 g), t-BuMA (20.0 g, 0.141 mol) and Bipy (0.893 
g, 5.72 x 10-3 mol) were filled in a Schlenk tube. After complete dissolution of all 
components CuCl (0.283g, 2.86 x 10-3 mol) was added, the Schlenk tube was sealed with a 
rubber septum and immersed in an oil bath at 90 °C for 3h. After 22 % conversion of 
t-BuMA, HEMA-TMS (19.0 g, 0.044 mol) and MEK (19.0 g) were added in order to start 
the polymerisation of the second, random block.  
Samples were taken periodically with a syringe to determine monomer conversion. 
Therefore a few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed 
via 1H NMR spectroscopy using for HEMA the peaks between δ =3.7 and 4.2 ppm (-CH2-
CH2- for the monomer and polymer), the peak at δ = 6.1 ppm (CH2=CH- for the monomer) 
and for FBSC the peaks at δ = 7.90 ppm (CH-aryl). The samples were further characterised 
by SEC after removal of the copper complex by flash chromatography on a small Al2O3 
column. 
The reaction was finally terminated at 43 % conversion of t-BuMA by cooling the Schlenk 
tube to room temperature in a water jet, opening to atmosphere and quenching by addition 
of 100 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in pentane. The polymer was collected by filtration and dried in vacuum (12.86 g, 40.0 % 
yield). Mn = 5.600 g/mol determined via 1H NMR in (CD3)2CO; Mn = 6.000 g/mol, PDI = 
1.22 determined via SEC in THF. The experimental conditions and the molecular 
characteristics of the block copolymers are summarised in Table 10 and 11. 
1
 H NMR (300 MHz, (CD3)2CO): δ (ppm) = 7.90 (m, 2H, CH-aryl), δ = 7.20 (m, 2H, CH-
aryl), δ = 4.05 and 3.90 (s, 4H, CH2-CH2), δ = 1.60-2.10 (broad peak, 2H P(HEMA) and 2H 
P(t-BuMA), CH2-backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H 
P(HEMA) and 3H P(t-BuMA), CH3).  
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5.2.4 Synthesis of P(t-BuMA)32-b-P(HEMA)32 
P(t-BuMA)32-Cl (10.0 g, 2.22 x 10-3 mol) and MEK (20.0 g) were filled in a Schlenk tube 
and immersed in an oil bath at 90 °C. After complete dissolution of the macroinitiator, Bipy 
(0.69 g, 4.44 x 10-3 mol), MEK (10.0 g), CuCl (0.22 g, 2.22 x 10-3mol) and HEMA-TMS 
(17.8 g, 8.88 x 10-2 mol) were added. 
Samples were taken periodically with a syringe to determine monomer conversion. 
Therefore a few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed 
via 1H NMR spectroscopy using for HEMA the peaks between δ =3.7 and 4.2 ppm (-CH2-
CH2- for the monomer and polymer), the peak at δ = 6.1 ppm (CH2=CH- for the monomer) 
and for FBSC the peaks at δ = 7.90 ppm (CH-aryl). The samples were further characterised 
by SEC after removal of the copper complex by flash chromatography on a small Al2O3 
column. 
The reaction was finally terminated at 80 % conversion of HEMA-TMS by cooling the 
Schlenk tube to room temperature in a water jet, opening to atmosphere and quenching by 
addition of 100 mL DCM. By subsequent stirring in air the copper catalyst was completely 
oxidised and removed by filtration. The filtrate was extracted thrice with 5 % HCl and 
precipitated in pentane. The polymer was collected by filtration and dried in vacuum (13.0 
g, 60.8 % yield). Mn = 8.700 g/mol via 1H NMR in (CD3)2CO ; Mn = 12.000 g/mol, PDI = 
1.22 determined via SEC in THF. The experimental conditions and the molecular 
characteristics of the block copolymers are summarised in Table 10 and 11.  
1
 H NMR (300 MHz, (CD3)2CO): δ (ppm) = 7.90 (m, 2H, CH-aryl), δ = 7.20 (m, 2H, CH-
aryl), δ = 4.05 and 3.90 (s, 4H, CH2-CH2), δ = 1.60-2.10 (broad peak, 2H P(HEMA) and 2H 
P(t-BuMA), CH2-backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H 
P(HEMA) and 3H P(t-BuMA), CH3). 
 
5.2.5 Synthesis of P(t-BuMA)16-b-P(t-BuMA11-co-HEMA14)-b-P(HEMA)19 
P(t-BuMA)16-b-P(t-BuMA11-co-HEMA14)-Cl (0.5 g, 5.55 x 10-5 mol) and MEK (1.0 g) 
were filled in Schlenck tube and immersed in an oil bath at 90 °C. After complete 
dissolution of the macroinitiator, CuCl (5.5 mg, 5.55 x 10-5 mol), Bipy (17.35 mg, 1.11 x 
10-4 mol), MEK (0.5 g) and HEMA-TMS (0.45 g, 2.22 x 10 -3 mol) were added. 
Samples were taken periodically with a syringe to determine monomer conversion. 
Therefore a few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed 
via 1H NMR spectroscopy using for HEMA the peaks between δ =3.7 and 4.2 ppm (-CH2-
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CH2- for the monomer and polymer), the peak at δ = 6.1 ppm (CH2=CH- for the monomer) 
and for FBSC the peaks at δ = 7.90 ppm (CH-aryl). The samples were further characterised 
by SEC after removal of the copper complex by flash chromatography on a small Al2O3 
column. 
The reaction was finally terminated at 67 % conversion of HEMA-TMS by cooling the 
Schlenk tube to room temperature in a water jet, opening to atmosphere and quenching by 
addition of 100 mL DCM. By subsequent stirring in air the copper catalyst was completely 
oxidised and removed by filtration. The filtrate was extracted thrice with 5 % HCl and 
precipitated in pentane. The polymer was collected by filtration and dried in vacuum 
(0.47 g, 60.4% yield). Mn = 8.100 g/mol via 1H NMR in (CD3)2CO; Mn = 7.000 g/mol, PDI 
= 1.27 determined via SEC in THF. The experimental conditions and the molecular 
characteristics of the block copolymers are summarised in Table 10 and 11.  
1
 H NMR (300 MHz, (CD3)2CO): δ (ppm) = 7.90 (m, 2H, CH-aryl), δ = 7.20 (m, 2H, CH-
aryl), δ = 4.05 and 3.90 (s, 4H, CH2-CH2), δ = 1.60-2.10 (broad peak, 2H P(HEMA) and 2H 
P(t-BuMA), CH2-backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H 
P(HEMA) and 3H P(t-BuMA), CH3). 
 
5.2.6 Synthesis of P(t-BuMA)24-b-P(t-BuMA15-co-MEO2MA13)-Cl 
pTSC (0.107g, 5.62 x 10-4mol), MEK (4.5 g), t-BuMA (4.0 g, 0.141 mol) and Bipy (0.176 
g, 1.12 x 10-3 mol) were filled in a Schlenk tube. After complete dissolution of all 
components CuCl (55.7 mg, 5.62 x 10-4 mol) was added, the Schlenk tube was sealed with 
a rubber septum and immersed in an oil bath at 80 °C for 3.0 h. After 35 % conversion of 
t BuMA, MEO2MA (2.66 g, 0.0141 mol) was added in order to start the polymerisation of 
the second random block.  
Samples were taken periodically with a syringe to determine monomer conversion. 
Therefore a few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed 
via 1H NMR spectroscopy using for MEO2MA the peaks between δ =4.0 and 4.4 ppm 
(-COO-CH2- for the monomer and polymer), the peak at δ = 6.1 ppm (CH2=CH- for the 
monomer and for pTSC the peak at δ = 7.76 ppm (CH-aryl). The samples were further 
characterised by SEC after removal of the copper complex by flash chromatography on a 
small Al2O3 column. 
The reaction was finally terminated at 65 % conversion of t-BuMA by cooling the Schlenk 
tube to room temperature in a water jet, opening to atmosphere and quenching by addition 
124 Synthesis of Double Hydrophilic Block Copolymers… 
 
of 100 mL DCM. By subsequent stirring in air the copper catalyst was completely oxidised 
and removed by filtration. The filtrate was extracted thrice with 5 % HCl and precipitated 
in a NaCl solution (2.5 wt.-%). The polymer was collected by filtration, washed several 
times with destillated water and dried in vacuum (3.08 g, 45.1 % yield). Mn = 7.900 g/mol 
determined via 1H NMR in CDCl3; Mn = 7.500 g/mol, PDI = 1.20 determined via SEC in 
THF. The experimental conditions and the molecular characteristics of the block 
copolymers are summarised in Table 10 and 11. 
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 7.76 (m, 2H, CH-aryl), δ = 7.18 (m, 2H, CH-aryl), 
δ = 4.10 (s, 4H, COO-CH2- ), δ = 3.50 – 3.80 (broad peak, 6H CH2-O-CH2-CH2-O-), δ = 
3.4 (s, 3H, OCH3), δ = 1.60-2.10 (broad peak, 2H P(MEO2MA) and 2H P(t-BuMA), CH2-
backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H P(MEO2MA) and 3H 
P(t-BuMA), CH3).  
 
5.2.7 Synthesis of P(t-BuMA)39-b-P(MEO2MA)34 
P(t-BuMA)39-Cl (0.50 g, 8.60 x 10-5 mol) and MEK (1.0 g) were filled in a Schlenk tube 
and immersed in an oil bath at 80 °C. After complete dissolution of the macroinitiator, Bipy 
(26.80 mg, 1.72 x 10-4 mol), MEK (0.50 g), CuCl (8.5 mg , 8.60 x 10-5 mol) and MEO2MA 
(0.81 g, 4.3 x 10-3 mol) were added. 
Samples were taken periodically with a syringe to determine monomer conversion. 
Therefore a few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed 
via 1H NMR spectroscopy using for MEO2MA the peaks between δ =4.0 and 4.4 ppm 
(-COO-CH2- for the monomer and polymer), the peak at δ = 6.10 ppm (CH2=CH- for the 
monomer) and for pTSC the peak at δ = 7.76 ppm (CH-aryl). The samples were further 
characterised by SEC after removal of the copper complex by flash chromatography on a 
small Al2O3 column. 
The reaction was finally terminated at 74.5 % conversion of MEO2MA by cooling the 
Schlenk tube to room temperature in a water jet, opening to atmosphere and quenching by 
addition of 100 mL DCM. By subsequent stirring in air the copper catalyst was completely 
oxidised and removed by filtration. The filtrate was extracted thrice with 5 % HCl and 
precipitated in pentane. The polymer was collected by filtration and dried in vacuum 
(1.08 g, 81.9 % yield). Mn = 12.000 g/mol via 1H NMR in CDCl3; Mn = 11.000 g/mol, PDI 
= 1.30 determined via SEC in THF. The experimental conditions and the molecular 
characteristics of the block copolymers are summarised in Table 10 and 11.  
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1
 H NMR (300 MHz, CDCl3): δ (ppm) = 7.76 (m, 2H, CH-aryl), δ = 7.18 (m, 2H, CH-aryl), 
δ = 4.10 (s, 4H, COO-CH2- ), δ = 3.50 – 3.80 (broad peak, 6H, -CH2-O-CH2-CH2-O-), δ = 
3.4 (s, 3H, OCH3), δ = 1.60-2.10 (broad peak, 2H P(MEO2MA) and 2H P(t-BuMA), CH2-
backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H P(MEO2MA) and 3H 
P(t-BuMA), CH3). 
 
5.2.8 Synthesis of P(t-BuMA)24-b-P(t-BuMA15-co-MEO2MA13)-b-
P(MEO2MA)36 
P(t-BuMA)24-b-P(t-BuMA15-co-MEO2MA13)-Cl (1.0 g, 1.23 x 10-4 mol) and MEK (2.0 g) 
were filled in Schlenck tube and immersed in an oil bath at 90 °C. After complete 
dissolution of the macroinitiator, CuCl (12.2 mg, 1.23 x 10-4 mol), Bipy (38.40 mg, 2.46 x 
10-4 mol), MEK (1.0 g) and MEO2MA (0.70 g, 3.69 x 10 -3 mol) were added. 
Samples were taken periodically with a syringe to determine monomer conversion. 
Therefore a few drops of the samples were diluted in 0.6 mL ice cold CDCl3 and analysed 
via 1H NMR spectroscopy using for MEO2MA the peaks between δ =4.0 and 4.4 ppm 
(-COO-CH2- for the monomer and polymer), the peak at δ = 6.10 ppm (CH2=CH- for the 
monomer) and for pTSC the peak at δ = 7.76 ppm (CH-aryl). The samples were further 
characterised by SEC after removal of the copper complex by flash chromatography on a 
small Al2O3 column. 
The reaction was finally terminated at 71 % conversion of MEO2MA by cooling the 
Schlenk tube to room temperature in a water jet, opening to atmosphere and quenching by 
addition of 100 mL DCM. By subsequent stirring in air the copper catalyst was completely 
oxidised and removed by filtration. The filtrate was extracted thrice with 5 % HCl and 
precipitated in pentane. The polymer was collected by filtration and dried in vacuum 
(01.36 g, 80.1 % yield). Mn = 12.000 g/mol via 1H NMR in CDCl3 ; Mn = 12.500 g/mol, 
PDI = 1.20 determined via SEC in THF. The experimental conditions and the molecular 
characteristics of the block copolymers are summarised in Table 10 and 11.  
1
 H NMR (300 MHz, CDCl3): δ (ppm) = 7.76 (m, 2H, CH-aryl), δ = 7.18 (m, 2H, CH-aryl), 
δ = 4.10 (s, 4H, COO-CH2- ), δ = 3.50 – 3.80 (broad peak, 6H, -CH2-O-CH2-CH2-O-), δ = 
3.4 (s, 3H, OCH3), δ = 1.60-2.10 (broad peak, 2H P(MEO2MA) and 2H P(t-BuMA), CH2-
backbone), δ = 1.3-1.6 (s, 9H, C(CH3)3), δ = 0.9-1.3 (broad peak, 3H P(MEO2MA) and 3H 
P(t-BuMA), CH3). 
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5.2.9 Deprotection of the tert-Butyl Groups  
All deprotection experiments were performed according to the following procedure 
described for P(t-BuMA)39-b-P(MEO2MA)34 . To a polymer solution of P(t-BuMA)39-b-
P(MEO2MA)34 (0.70 g, 5.72 x 10-5 mol ester) in DCM (6.30 g) a 5-fold molar excess of 
TFA (1.56 g, 0.011 mol with respect to the t-butyl groups) was added slowly. Afterwards, 
the reaction mixture was stirred for 24 h at room temperature. Thereby, the colour of the 
solution turned into slightly yellow. The excess reagents were removed by evaporation in 
vacuum. Finally, the received polymer was washed several times with water and dried in 
vacuum (0.39 g, 74.3% yield). The deprotection was controlled by 1H NMR spectroscopy 
by disappearance of the t-butyl signal at 1.3-1.6 ppm. The molar ratio of MAA / MMA 
repeating units in the block copolymer was determined via 1H NMR spectroscopy. Mn = 
9.000 g/mol via 1H NMR in MeOD. 
1
 H NMR (300 MHz, (CD3)2CO ): δ (ppm) = 7.79 (m, 2H, CH-aryl), δ = 7.47 (m, 2H, CH-
aryl), δ = 4.10 (s, 4H, COO-CH2- ), δ = 3.50 – 3.80 (broad peak, 6H, -CH2-O-CH2-CH2-O-
), δ = 3.4 (s, 3H, OCH3), δ = 1.60-2.10 (broad peak, 2H P(MEO2MA) and 2H P(MAA), 
CH2-backbone), δ = 0.9-1.3 (broad peak, 3H P(MEO2MA) and 3H P(MAA), CH3). 
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Table 11: Moleclar characteristics of the synthesised homo- and block copolymers 
Entry Polymer 
Mn,NMR 
[g/mol] 
Mn,SEC 
[g/mol] 
PDI
 
SEC 
PMAANMR 
[mol %] 
1 P(t-BuMA)32 4500 5000 1,20 -- 
2 P(t-BuMA)39 8500 6500 1.30 -- 
3 
P(t-BuMA)32-b-
P(HEMA)32 
8700 12000 1.22 -- 
4 
P(t-BuMA)39-b-
P(MEO2MA)34 
12000 11000 1.30 0.47 
5 
P(t-BuMA)16-b-P(t-
BuMA11-co-HEMA14) 
5600 6000 1.22 -- 
6 
P(t-BuMA)24-b-P(t-
BuMA15-co-MEO2MA13) 
7900 7500 1.20 -- 
7 
P(t-BuMA)16-b-P(t-
BuMA11-co-HEMA14)-b-
P(HEMA)19 
8100 7000 1.27 -- 
8 
P(t-BuMA)24-b-P(t-
BuMA15-co-MEO2MA13)-
b-P(MEO2MA)36 
12000 12500 1.20 0.46 
 
5.2.10 Molecular Characterisation 
1H NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 MHz. 
Deuterated chloroform (CDCl3), (CD3)2CO) or methanol (MeOD) were used as solvents, 
and tetramethylsilane (TMS) served as internal standard.  
Size exclusion chromatography (SEC) analysis were carried out using a high pressure 
liquid chromatography pump (Polymer Laboratories HPLC pump LC1120) and a refractive 
index detector (ERC 7515A) at 35 °C. The eluting solvent was tetrahydrofuran (THF, 
HPLC grade) with 250 mg/L 1,2,6-di-tert-butyl-4-methylphenol (Aldrich) and a flow rate 
of 1.0 mL/min. Four columns with MZ-DVB gel (5 µm, 300 mm, 50 Å, 100 Å, 1.000 Å, 
10.000 Å) were applied. The number-average molecular weight (Mn) and polydispersity 
index (PDI) were determined using polymethyl methacrylate standards calibration. 
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5.3 Results and Discussion 
The aim of this work was the synthesis of single and double stimuli double hydrophilic 
block copolymers with a P(MAA) block. Therefore, the monomer pairs HEMA-TMS / 
t-BuMA and MEO2MA / t-BuMA were chosen. The synthesis of double hydrophilic A-b-B 
di- and A-b-(A-co-B)-b-B triblock copolymers via ATRP comprises three reaction steps. In 
the first step the synthesis of a P(t-BuMA)-Cl (for the diblock) and P(t-BuMA)-b-
P(t-BuMA-co-HEMA)-Cl or P(t-BuMA)-b-P(t-BuMA-co-MEO2MA)-Cl (for the triblock) 
macroinitiators were prepared followed by the homopolymerisation of HEMA-TMS or 
MEO2MA with these macroinitiators. The last reaction step depicts the deprotection of the 
t-BuMA monomer to yield the free P(MAA).  
 
5.3.1 Synthesis and Molecular Characterisation of the Di- and Triblock 
Copolymers 
In addition to the synthesised di- and triblock copolymers out of MMA / MAA and BMA / 
MAA described in chapter 2, double hydrophilic block copolymers out of HEMA / MAA 
(single stimulus) and MEO2MA / MAA (double stimuli) with the same molecular weight 
but different microstructure will be prepared. In comparison to the amphiphilic block 
copolymers which show a clear difference in the hydrophobic / hydrophilic character, 
DHBCs have only a slight polarity difference of the used monomer pairs. Their advantage 
is an increased water solubility favourable for future application (e.g. dispersing additives), 
and the selective stimulus of at least one block of the polymer which could alter the self-
association in solution. In addition, if HEMA is used as second hydrophilic monomer new 
architectures depending on the microstructure of the polymer will be accessible. The 
pendant hydroxyl groups can be esterified in a polymer analogue reaction to ATRP 
macroinitiators so that the synthesis of e.g. comb or palm tree polymers is possible. Block 
copolymers out of MEO2MA / MAA belong to the class of double stimuli DHBCs. Besides 
a pH sensitivity of the P(MAA) segments a thermoresponsiveness of the P(MEO2MA) 
segments due to the LCST of the MEO2MA building block is present. Thermoresponsive 
water soluble block copolymers are potentially useful for several biomedical applications 
and here the question arises if the microstructure has an influence on the LCST of the 
P(MEO2MA) segments.  
The synthesis of the di- and triblock copolymers is identical to the previous described 
method mentioned in chapter 2. In order to prove the controlled character of the ATRP 
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kinetic studies via 1H NMR spectroscopy and SEC for the homo-, co- and block 
copolymerisation of t-BuMA / HEMA-TMS or t-BuMA / MEO2MA were performed.  
For the synthesis of the A-b-B di- and A-b-(A-co-B)-b-B triblock copolymers, the ATRP 
technique was chosen because it combines the advantages of the living (control over 
molecular weight, microstructure and low polydispersity) and free radical polymerisation 
(highly tolerant towards functional groups, oxygen and impurities).38,39In order to prevent 
the loss of end group functionality, a chloride based initiator / catalyst system was applied. 
The initiators pTSC and FBSC used in this section are well studied for the ATRP of 
styrenes, methacrylates and acrylates and guaranty in combination with a CuCl / Bipy 
catalyst system high end group functionality of the synthesised macroinitiators.40,41 For the 
kinetic studies 1H NMR and SEC measurements were performed to obtain the primary data 
for monomer conversion, number average molecular weight and polydispersity of the block 
copolymers. In Figure 39 typical 1H NMR spectra are shown for the copolymerisation of 
HEMA-TMS or MEO2MA with t-BuMA. To determine the monomer conversion of 
t-BuMA (Eq. 23a), the polymerised t-BuMA had to be determined (Eq. 23f) by using the 
integrated signal of the tert-butyl groups of monomer and polymer (Figure 39, signal 3,3´) 
and the signals of the double bond (Figure 39, signal 1). For the monomer conversion of 
HEMA-TMS and MEO2MA (Eq. 23 b-c) the polymerised HEMA-TMS and MEO2MA had 
to be determined (Eq. 23 h and j) by integrating the signals of the –O-CH2- units of 
monomer and polymer (Figure 39, signal 6,6´) as well as the signals of the corresponding 
double bonds (Figure 39, signal 4). The number of repeating units was determined by the 
ratio of the polymer signal to the integral of the aromatic protons of the initiators      
(Figure 39, signal 10). Equations 23a-k summarise the formula used for the calculation of 
the conversion and number of repeating units. 
 
100%
AA
A
p
Butyl-BuMA)-DB(
Butyl
BuMA ⋅+
=
−
−
tt
t
t                  (23a) 
100%
AA
Ap
TMSHEMATMS)-DB(HEMA
TMSHEMA
TMSHEMA ⋅+
=
−
−
−
               (23b) 
100%
AA
A
p
MAMEOMA)DB(MEO
MAMEO
MAMEO
22
2
2
⋅
+
=                  (23c) 
Initiator
Butyl
BuMA A
A
RU −
−
=
t
t  ; 
Initiator
TMSHEMA
TMSHEMA A
ARU −
−
=  ; 
Initiator
MAMEO
MAMEO A
A
RU 2
2
=            (23d) 
with 
 Chapter 5 131 
 
)Integral(1A BuMA)DB( =−t                    (23e) 
BuMA)DB(Butyl A9
,3´)Integral(3A
−−
−= tt                  (23f) 
)Integral(4A TMS)DB(HEMA =−                   (23g) 
TMS)DB(HEMATMSHEMA A2
,6´)Integral(6A
−−
−=                (23h) 
)Integral(4A MA)DB(MEO2 =                    (23i) 
MA)DB(MEOMAMEO 22 A2
,6´)Integral(6A −=                  (23j) 
2
0)Integral(1A Initiator =                   (23k) 
(px = conversion of monomer x; RUx = repeating units of monomer x within the block 
copolymer; the integral numbers are related to Figure 39) 
 
 
Figure 39: Representative 1H NMR spetra in CDCl3 of P(t-BuMA-co-MEO2MA) and P(t-BuMA-
co-HEMA-TMS) (S = solvent signals CH3-CO-CH2CH3)  
 
The synthesis of the di- and triblock copolymers based on MAA / HEMA starts with the 
monomer pair t-BuMA / HEMA-TMS. t-BuMA can be easily deprotected in the last 
reaction step to yield the free methacrylic acid which can not be polymerised directly by 
ATRP.11 Using HEMA-TMS instead of HEMA is a well known alternative to prepare 
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defined P(HEMA).42 The advantage is the similar polarity and solubility of the 
trimethylsilyl protected HEMA and t-BuMA so that both monomers can be polymerised 
under the same reaction conditions. The deprotection of the trimethylsilyl group is carried 
out under weak acidic conditions. Thus, the extraction of the cupper catalyst with 5 % HCl 
solution during the work up of the block copolymers is sufficient to remove the TMS 
protective groups so that no additional working step is necessary for the deprotection of 
HEMA-TMS.  
For both monomer pairs the synthesis of the di- and triblock copolymer started with the 
P(t-BuMA) block, because of the easier work up of the macroinitiators due to the higher 
glass transition temperature of P(t-BuMA). Additional to the kinetical investigation of the 
homopolymerisation of HEMA-TMS and MEO2MA with a Pt-BuMA macroinitiator, the 
homopolymerisation with FBSC or pTSC as initiator was analysed in order to evaluate the 
possibility of a one pot reaction for the di- and triblock copolymer synthesis. In Figure 40 
and 43 the first order kinetic plots and the dependence of the molecular weight on 
conversion is shown for the homopolymerisation of HEMA-TMS and MEO2MA as well as 
for the polymerisation of both monomers with a P(t-BuMA) macroinitiator. In case of the 
homopolymerisation initiated by FBSC or pTSC, the linear dependence of the first order 
kinetic plot as well as the linear increase of the molecular weight with conversion in 
combination with a polydispersity below 1.3 proved the controlled character of the 
polymerisation. Since the same reaction conditions were used for the homopolymerisation 
of HEMA-TMS, MEO2MA and t-BuMA (compare with chapter 2) the option for a one pot 
di- or triblock copolymer synthesis is given. For the polymerisation of HEMA-TMS and 
MEO2MA with a P(t-BuMA) macroinitiator a controlled character of the polymerisation 
was observed, too. Although the linear dependence of the first order kinetic plot vanish 
after reaching a conversion of 76 % (HEMA-TMS) and 71 % (MEO2MA) respectively. 
Nevertheless, the linear increase of the number average molecular weight with conversion 
and polydispersities below 1.3 indicates up to a reaction time of 120 min a good control of 
the polymerisation. These results were underlined by the SEC elugrams shown in      
Figure 42. Besides a small tailing towards lower molecular weights symmetrical SEC 
elugramms were obtained. From the P(t-BuMA) macroinitiators to the final diblock 
copolymers a clear shift towards higher molecular weights was observed. The absence of 
bimodal molecular weight distributions indicates a high end group functionality of the 
synthesised macroinitiators. Only a negligible amount of dead end polymers is present in  
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Figure 40: First order kinetik plot of the homopolymerisation of HEMA-TMS (▲; 
M:FBSC:CuCl:Bipy = 40:1:1:2 at 90 °C with 50 wt.-% MEK); MEO2MA (■; M:pTSC:CuCl:Bipy 
= 40:1:1:2 at 80°C with 50 wt.-% MEK) and t-BuMA (►; M:FBSC:CuCl:Bipy = 50:1:1:2 at 90 °C 
with 50 wt.-% MEK); HEMA-TMS (♦); and MEO2MA (●) (M:P(t-BuMA):CuCl:Bipy = 50:1:1:2 at 
80 °C with 50 wt.-% MEK) 
 
Figure 41: Number average molecular weight (full symbols) and polydispersity (empty symbols) of 
the homopolymerisation initiated by FBSC or pTSC of HEMA-TMS (▲), MEO2MA (■) and 
t-BuMA (►); HEMA-TMS (♦) and MEO2MA (●) in combination with a P(t-BuMA) macroinitiator 
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Figure 42: SEC elugrams of the macroinitiator P(t-BuMA)32 and the resulting diblock copolymers 
P(t-BuMA)39-b-P(MEO2MA)34 and P(t-BuMA)32-b-P(HEMA)32 
 
the end of polymerisation. The complete experimental conditions and the molecular 
characteristic are listed in Table 10 and 11 (entry 1-4). 
The triblock copolymer synthesis differs from the one of the diblock copolymers only in the 
build up of the macroinitiator. According to chapter 2 the macroinitiator consists of a 
P(t-BuMA) starting block followed by a random copolymer end block. Therefore, the 
ability of the monomer pairs to copolymerise randomly had to be investigated. The results 
are shown in Figure 43. In both cases a random copolymer with a slightly higher content of 
t-BuMA was obtained. The difference in conversion between the two monomers was ca. 
3 % (t-BuMA / MEO2MA) and 8 % (t-BuMA / HEMA-TMS). With regard to the number 
of repeating units the differences are between 1 RU (t-BuMA / MEO2MA) and 2 RU 
(t-BuMA / HEMA-TMS). The experimental conditions and the macromolecular 
characteristics of the triblock copolymer macroinitiators are listed in Table 10 and 11 
(entry 5-6). Hence, statistical copolymers during the macroinitiator synthesis are defined by 
the copolymerisation parameters. The second reaction step was the homopolymerisation of 
HEMA-TMS or MEO2MA with the synthesised macroinitiators. Here, the SEC elugramms 
gave important information about the polymerisation process (Figure 44). In analogy to the  
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Figure 43: Conversion vs. time for the copolymerisation of t-BuMA (■) / MEO2MA (□) 
(t-BuMA:MEO2MA:pTSC:CuCl:Bipy = 20:20:1:1:2 with 50 wt.-% MEK at 80 °C) and t-BuMA (♦) 
HEMA-TMS (◊) (t-BuMA:HEMA-TMS:FBSC:CuCl:Bipy = 20:20:1:1:2 with 50 wt.-% MEK at 
90°C) 
 
Figure 44: SEC elugrams of the macroinitiators P(t-BuMA)16-b-P(t-BuMA11-co-HEMA14) / 
P(t-BuMA)24-b-P(t-BuMA15-co-MEO2MA13) and the resulting triblock copolymers P(t-BuMA)16-b-
P(t-BuMA11-co-HEMA14)-b-P(HEMA)19 / P(t-BuMA)24-b-P(t-BuMA15-co-MEO2MA13)-b-
P(MEO2MA)36 
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diblock copolymer synthesis a high endroup functionality of the synthesised macroinitiators 
was archived. Thus, no bimodal distributions but a shift towards higher molecular weights 
from the macroinitiators to the triblock copolymers was observed. The experimental 
conditions and the molecular characteristics are listed in Table 10 and 11 (entry 7-8). 
 
5.3.2 Deprotection of the tert-butyl groups 
Two ways are described in literature for the quantitative deprotection of P(t-BuMA). One 
route is the acid catalysed elimination of isobutylene, whereas the alternative route is to 
replace the tert-butyl groups by reaction with trimethylsilyl iodide, followed by hydrolysis 
with a water / methanol mixture.11 In the case of MAA / HEMA di- and triblock 
copolymers, the deprotection is a challenging problem, because the reaction conditions 
have to be set as mild as possible in order to prevent side reactions of the pendant hydroxyl 
and the carboxylic acid groups. On the other hand weak acid conditions are not sufficient 
for the elimination of isobutylene. That is why a couple of deprotection reactions were 
tested. Besides the approach with hydrochloric acid in dioxane under reflux43 also milder 
conditions like 2 to 5-fold molar excess of trifluoroacetic acid or methanesulfonic acid in 
dichlormethane at room temperature were tested.44 Additionally, the conversion of the 
tert-butyl groups with trimethylsilyl iodide followed by the hydrolysis of the TMS group 
was carried out.45 The result of all attempts was a cross-linked block copolymer which 
could not be further characterised. Thus, the synthesis of DHBC by HEMA / MAA was not 
successful. 
Based on this results HEMA-TMS was replaced by MEO2MA for the synthesis of DHBC. 
It was expected that under the described acid conditions during deprotection no side 
reactions of the oligo(ethylene) glycol chains with the formed carboxylic acid groups occur. 
And indeed the deprotection with a 5-fold molar excess of trifluoroacetic acid could be 
performed without cross-linking of the block copolymer. Via 1H NMR spectroscopy the 
successful eliminations proven by the disappearance of the t-butyl signal at δ = 1.44 ppm 
(Figure 45). 
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Figure 45: 1H NMR spectra of P(t-BuMA)24-b-P(t-BuMA15-co-MEO2MA13)-b-P(MEO2MA)36 in 
CDCl3 and P(MAA)24-b-P(MAA15-co-MEO2MA13)-b-P(MEO2MA)36 in MeOD 
5.4 Conclusion 
The synthesis of double hydrophilic A-b-B diblock and A-b-(A-co-B)-b-B triblock 
copolymers out of HEMA / t-BuMA and MEO2MA / MAA via ATRP is reported. The key 
reaction is the acid catalysed cleavage of the tert-butyl groups. In case of HEMA / t-BuMA 
block copolymers only cross-linked materials were obtained. Milder reaction conditions or 
the use of timethylsilyl iodide did not solve the problem so that DHBC was not realised out 
of HEMA / t-BuMA. An interesting alternative prospective for these kinds of block 
copolymers is the polymer analogues reaction of the free hydroxyl groups with 
α-bromoisobutyryl bromide. Here ATRP polymacroinitiators can be synthesised so that 
new polymer architectures like palm tree or comb block copolymers are accessible. 
After replacing HEMA-TMS by MEO2MA, the successful synthesis of DHBC was 
presented. In contrast to HEMA / t-BuMA no side reactions during the acid catalysed 
cleavage of the tert-butyl group appeared. In analogy to the deprotection reaction of BMA / 
t-BuMA or MMA / t-BuMA a 5-fold molar excess of trifluoroacetic acid was sufficient to 
yield the poly(methacrylic acid). These kinds of DHBC are sensitive towards pH (P(MAA) 
segments) and temperature (P(MEO2MA) segments) which is an interesting basis for the 
investigation of micellar properties in water. 
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Chapter 6: Metastable Block Copolymer Micelles for 
Switchable once Surfaces 
6.1 Introduction 
Understanding and tailoring the wettability of a surface has attracted much attention in both 
fundamental research and practical application ranging nano and microfluids to self-
cleaning surfaces to biomedicine.1-2 The wettability of solid materials is controlled by its 
surface energy. A liquid positioned on a solid surface in static equilibrium with its vapour 
forms out a contact angle Θ (CA) with the surface (partial wetting) when the various 
surface tensions obey Youngs´s equation (Eq. 24)3 
SLSVLV γγγ −=Θcos           (24) 
where γSV is the surface tension of the solid, γLV the surface tension of the liquid and γSL the 
solid – liquid interfacial tension. For complete wetting γSV – γLV  ≥ γSL, with the equal sign 
signifying zero contact angle. Hence good wettability of the solid substrates is achieved by 
i) high surface substrate tension, ii) low liquid surface tension and / or iii) low interfacial 
tension between the liquid and the substrate. High energy surfaces (e.g. metals) are 
hydrophilic, have a contact angle < 90° and can easily be wetted by liquids whereas low 
energy surfaces (e.g. poly(propylene)) are hydrophobic, have a contact angle > 90° and the 
liquids tries to minimise its contact are to the surface. In practice, the static and dynamic 
CA describes the wetting properties of a surface. For a flat surface the static contact angle is 
close to Young’s angle and is measured by sessile drop measurements. Here a drop is 
deposited on the surface and the value is obtained by a goniometer. Dynamic contact angles 
are non-equilibrium CAs and are measured during the growth (advancing CA) and 
shrinkage (receding CA) of a water droplet on a surface. The difference between the 
advancing and receding CA is defined as contact angle hysteresis.  
Stimuli responsive surfaces make it possible to control the surface wettability. They are 
called smart, adaptive or responsive surfaces / materials if a reversibly control of the 
surface wettability is given.4 The response to external conditions or stimuli is given, 
because from the standpoint of the classical definition of solids, the surface of a polymeric 
material cannot be considered as rigid and unchangeable.5 Polymer chains always respond 
to some extend to their environmental or applied stimuli by changing the conformation and 
location of backbone, side chains, segments, pendant groups or end groups. Various 
methods have been demonstrated in order to create these smart surfaces:6 i) spin coating of 
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functional polymers with specific composition and architecture,7-8 ii) blending of a virgin 
polymer material with small amounts of (macro)molecular additives,9 iii) surface 
modification by various chemical/physical treatments10-11 and iv) grafted copolymers on 
solid surfaces.12 The reversible switching is realised through the adjustment of electrical 
potential,13-14 temperature,15-16 light illumination,17-18 adsorption of biopolymer,19 pH,20-21 
and treatment of selective solvents.22-23  
An attractive approach is the use of micellar structures for smart polymer surfaces.24-25 
Amphiphilic block copolymers can associate or dissociate in bulk solution in response to 
different stimuli as solution pH26, ionic strength27 and temperature28. Biggs and co-worker 
reported the synthesis of a smart surface, by deposition of a stimulus responsive mono-
micellar layer of diblock copolymers.29 The double hydrophilic poly(2-
(dimethylamino)ethyl methacrylate)-b-poly(2-diethylamino)ethyl methacrylate) block 
copolymers show micellisation in a pH range of 7.3 – 7.8. Adsorbed on mica the micelles 
dissociate at low pH, but the block copolymers remains adsorbed on the surface. Thus, the 
phenomenon is reversible and the micellar structure is regenerated by changing the pH to 
the desired range.  
In the present work we drive block copolymers to self assembly into metastable micelles 
and make use of such solutions to create coatings that can switch from hydrophilic to 
hydrophobic by thermal stimuli. The micellar solutions exhibit out of symmetrical A-b-B 
and A-b-(A-co-B)-b-B di- and triblock copolymer micelles with the monomer combination 
methyl methacrylate / methactrylic acid (MMA / MAA) and butyl methacrylate / 
methacrylic acid (BMA / MAA). The stability of the micelle was controlled by its 
neutralisation degree. 30 Therefore, the preparation of the micellar solutions were carried out 
in a THF / water mixture which guaranteed, independent of the glass transition temperature 
of the used block copolymer, uniform micellar size distribution and a flexible setting of the 
neutralisation degree. The macroscopic effect of changing surface wettability was 
investigated via static contact angle measurements whereas scanning for microscopy 
measurements gave an insight view on the reorganisation the micelle by temperature 
stimulus. 
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6.2 Experimental  
6.2.1 Materials 
P(MAA)32-b-P(MMA)33, P(MAA)32-b-P(BMA)33, P(MAA)17-b-P(MAA10-co-MMA11)-b-
P(MMA)18, P(MAA)37-b-P(MAA8-co-BMA11)-b-P(BMA)17 were synthesised according to 
Chapter XX. THF (HPLC grade, Merck), 2-propanol (99.5%, KMF), NaOH (1M, Titrisol 
Merck), were used without further purification. 
 
6.2.2 Preparation of metastable micellar solution 
All solution preparation were performed according to the following procedure described for 
P(MMA)33-b-P(MAA)32. In a dry bottom flask sealed with a rubber septum P(MMA)33-b-
P(MAA)32 (50 mg, 8.10 x 10-3 mmol) was dissolved in THF (5 g) over night. Via syringe 
pump (83 µL/min, Harvard Pump 11plus) seral water (ELGA Purelab, conductivity < 
0.05S) was added to the solution until the polymer precipitated. The solution was heated up 
to 50 °C and the degree of neutralisation of the P(MAA) block was fixed to 0.2 by adding 
1M NaOH (52 mg, 5.2 x 10-3 mol) . Finally, the solution was cooled down slowly to room 
temperature. 
 
6.2.3 Film preparation 
The block copolymer solutions were spin coated on activated silica wafers. The silica 
wafers were cut into pieces of 14 x 14 mm, cleaned by sonification in 2-propanol and 
activated by 12 min UV/ozone treatment. Then the substrates were used immediately for 
spin coating. The solution was filtered through a 0.45 µm pore size filter prior use. For 
changing the wettability of the surface the samples were annealed at 170 °C for 30 min in a 
glass oven (Büchi B-585, Switzerland). 
 
6.2.4 Contact angle measurements 
A commercial contact angle goniometer (Krüss G2, Germany) was used in order to 
determine the static contact angle of water droplet via sessile drop method. The contact 
angles were averaged over 4 measurements via contour shape analysis of an approximately 
4 µL droplet after an equilibration time of 2 min.  
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6.2.5 SFM Measurements 
Scanning Force Microscopy (SFM) was performed with a Nanoscope III microscope 
(Digital Instruments, Veeco, Santa Barbara, US). Investigations in the tapping mode were 
carried out with Si-cantilevers (Nanosensors, Neufchatel, Switzerland) resonating at 204-
497 kHz with a spring constant around 10-130 N/m. Images were edited with the 
Nanoscope software v5.12r5 (Digital Instruments, Veeco, Santa Barbara, USA). SFM 
samples were prepared by spincoating of 1 mg/mL polymer solution at room temperature. 
 
6.3 Results and Discussion 
6.3.1 Preparation of metastable micellar solution 
For altering the wettability of a surface, a block copolymer film of metastable micelles has 
to be casted on freshly activated silica. The challenge was to prepare a metastable micellar 
solution which had i) a sufficient kinetic stability in order to keep their original shape after 
spin coating and evaporation of the solvent and ii) was sensitive towards a temperature 
stimulus so that the micellar structure collapse and the hydrophilic core is in contact with 
the air. Two mechanisms for the reorganisation of the micellar film can be discussed 
(Figure 46).  
 
Figure 46: Schematic Mechanism of changing the wettability by temperature stimulus 
Ether the micelles collapse and the block copolymer adsorb on the surface or an inversion 
of the micellar structure occurs. In both cases the hydrophobic core of the metastable 
micelles reorientate towards the air, because the system tries to and minimise the free 
energy of the surface.  
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The stability of the block copolymer micelles is influenced by the degree of neutralisation 
(ND) of the P(MAA) block which is known to influence the micellisation behaviour of 
block copolymers.31 In order to vary the degree of neutralisation with as less NaOH as 
possible direct dissolution of the block copolymer in water is no alternative, because full 
neutralisation of the PMAA block is needed for complete polymer dissolution. 
Additionally, we knew from our previous investigations that block copolymer with PMMA 
segments show no uniform micellisation by direct dissolution in water (see Chapter 2). 
These aggregates could have a negative influence on the switching ability of the polymer 
film. For those reasons a different preparation method is chosen which is practicable for all 
block copolymers used in this section (Figure 47). It is similar to the formation of crew cut 
micelles described by Eisenberg and coworkers .32 First, the polymer is dissolved over 
night in the non-selective solvent THF (Figure 47, point 1), before water was added slowly 
via syringe pump. When reaching the critical water content, aggregation of the block 
copolymer is induced. Second, as the maximum amount of added water is reached the 
solution gets turbid and the block copolymer precipitates (Figure 47, point 2). Third, the 
solubility of the block copolymer is enhanced by increasing temperature (Figure 47, point 
3). By adjusting the ND of the P(MAA) block to 0.2 precipitation of the block copolymer is 
prevented upon cooling down to room temperature. 
 
Figure 47: Temperature vs. water content (wt.-% H2O) of a P(MMA)33-b-P(MAA)32 THF solution.  
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6.3.2 Switchable once surfaces – CA measurements 
The macroscopic effect of changing the wettability by temperature stimulus can be tracked 
by static contact angle measurements of a defined water droplet on the block copolymer 
surface. This is one of the most sensitive methods that provide information on the 
characteristics of polymer surfaces in a depth of a few angstroms. Figure 48 shows optical 
images of static CA measurements before and after temperature stimulus.  
 
 
Figure 48: Optical images of static contact angle measurements of spin casted 0.75 wt.-% block 
copolymer films with ND = 0.2. P(MMA)33-b-P(MAA)32 (top, as cast), P(MMA)33-b-P(MAA)32 
(lower left, T = 170 °C, t = 30min) and P(BMA)32-b-P(MAA)32 (lower right, T = 170 °C, t = 30 
min) on activated silica. 
 
Without annealing the substrate the polymer surface is hydrophilic and a good wetting 
behaviour of the water droplet is observed with a CA < 20°. The small CA implies that the 
micellar structure is still intact after spin coating of the micellar solution. After an annealing 
time of 30 min at 170 °C the wettability of the surface changes and the CA increases up to 
70°. Obviously this macroscopic change in the wetting properties must be related to the 
change of the micellar structure at the surface. 
In order to characterise the change of wettability by temperature stimulus the switching 
behaviour in point of i) neutralisation degree (0.1, 0.3, 0.6, 0.9 ND), ii) annealing 
temperature (90, 120, 150, 170  °C) and iii) annealing time (4, 8, 16, 32 min) of the block 
copolymer is varied. The ideal parameters for block copolymers of different microstructure 
and monomer pairs are listed in Table 12. Independently of the microstructure and the type 
of monomer pairs the desired neutralisation degree and the annealing temperature is 
identical. The degree of neutralisation has to be between 0.2 and 0.3. Block copolymers 
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with a higher ND have an increased stability of the formed micelles and show no alteration 
of the surface wettability by temperature stimulus whereas block copolymers with a lower 
ND leads to non-stable micellar film formation after spin coating. Here no hydrophilic 
surface is observed. In point of the annealing temperature at least 170 °C is needed in order 
to change the surface polarity within an adequate time range (up to 2h). Only the annealing 
time is different for P(MMA) or P(BMA) block copolymers. P(MMA) Block copolymers 
show an increase in annealing time of 16 min in comparison to P(BMA) block copolymers 
with 8 min. It seems that the higher mobility of the P(BMA) segments accelerate the speed 
of reorganisation and thus decrease the annealing time. 
The microstructure has at all time no positive or negative effect on the switching 
parameters and the absolute value of the resulting CA. Thus, it seems in case of micellar 
stability that the microstructure plays a subdominant role. Nevertheless, the absolute 
increase of the CA is dependent on the hydrophobicity of the core forming block. P(BMA) 
block copolymers show a final CA of at least 70° whereas P(MMA) block copolymers have 
a maximum contact angle of 54°.  
Table 12: Static contact angle measurements of different block copolymers with varying 
parameters 
Entry Polymer 
Switching 
temperature 
/ CAa 
Switching 
time / CAb 
Degree of 
neutralisation / 
CAc 
1 
PMAA32-b-PMMA33 
(0.75 wt.-%) 
170 °C / 54° 
16 min / 
57° 
0.2-0.30 / 56 ° 
2 
PMAA17-b-P(MAA10-
co-MMA11)-b-
PMMA18 (0.64 wt.-%) 
170 °C / 52° 
16 min / 
50° 
0.2-0.3 / 50° 
3 
PMAA32-b-PBMA33 
(0.65 wt.-%) 
170 °C / 73° 8 min / 70° 0.2-0.30 / 78° 
4 
PMAA37-b-P(MAA8-
co-BMA11)-b-PBMA17  
(0.94 wt.-%) 
170 °C / 70° 8 min / 72° 0.2-0.3 / 70° 
a
 t = 30 min / ND = 0,3 
b
 T = 170 °C / ND = 0,3 
c
 T = 170 °C / t = 30 min 
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6.3.3 Switchable once surfaces – SFM 
The macroscopic effect, the change in wettability of the surface by temperature stimulus, 
could be investigated nicely by CA measurements. For a better understanding what happens 
on the nanoscale scanning force microscopy was used to analyze the self assembly of the 
block copolymer films before and after annealing the sample. For resolution reasons thicker 
films are needed which were achieved by higher polymer concentration and lower rotation 
speed during spin coating. Although the average polymer film thickness increases from 
7 nm (CA measurements) to 50 nm (SFM measurements), the change in polarity occurs 
under the same conditions as displayed in Table 12.  
Figure 49 shows the SFM height and phase image of a spin coated P(BMA)32-b-P(MAA)32 
block copolymer film. The height image shows full coverage and a homogenous particle 
distribution of the block copolymer aggregates. The mean depth size is around 6 nm, but 
the most important feature is the visualization of a three dimensional network. The phase 
image illustrates that this network is build up by spherical and cylindrical micelles. The 
width of these micelles is estimated by power spectral density analysis and is amounted to 
20 nm which fits well with the hydrodynamic radius of 13 nm measured by DLS (Chapter 
2). After an annealing time of 30 min at 170 °C the three dimensional network is still 
present (Figure 50), but the contrast is improved. The main features are cylindrical micelles 
with an average periodicity of 17 nm as measured from the power spectral density which 
shows two maximum at 9 and 17 nm. The latter value corresponds to the width of the 
cylindrical micelle, while the first value indicates the ordering of the cylindrical structures.  
The improved contrast of the height and phase images provide an important information 
about the reorganisation process of the metastable micelles by temperature stimulus. Before 
annealing the sample the micellar structure consisted of a soft P(BMA) core and a hard 
P(MAA) shell. The SFM tip hitting the surface caves in the micellar structure due to the 
soft core. After annealing the sample an inversion of the micellar structure occurs and the 
contrast of the images is improved, because the SFM tip hits the hard P(MAA) core. 
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Figure 49: AFM height (left) and phase (right) image of a P(BMA)32-b-P(MAA)34 (0.5 wt.-%, ND 
= 0.2, film thickness = 50 nm) polymer solution spin coated on silica.  
 
 
Figure 50: AFM height (left) and phase (right) image of a P(BMA)32-b-P(MAA)34 (0.5 wt.-%; ND 
= 0.2, film thickness 48 nm) polymer solution spin coated on silica after an annealing time of 30 
min at 170 °C.  
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6.4 Conclusion 
A new principle of switchable once surfaces is presented. Metastable micellar solutions are 
prepared in a water / THF mixture where the ND of the P(MAA) polyelectrolyte block 
defines the stability of the formed micelles. Via spin coating the block copolymer micellar 
film is casted on activated silica. SFM height and phase images identify spherical next to 
cylindrical micelles forming a three dimensional network. By CA measurements the 
optimal switching parameters are determined. An annealing temperature of 170 °C, an 
annealing time of 8 to 16 min and a ND between 0.2 an 0.3 is necessary to induce a change 
in surface polarity. For P(MMA) block copolymers the CA increases in the range of 30 – 
35° whereas for P(BMA) block copolymers an increase of 50 – 55° is noted. After 
annealing the sample SFM images show cylindrical micelles as dominant morphology. 
Additionally, an increase in contrast was observed which is caused by an inversion of the 
micellar structure.  
Further work is needed in order to enhance the system. The first question which arises is 
the reversibility of the surfaces wettability. The change to a hydrophilic surface can be 
achieved in a water saturated environment and thus enhance the switching cycles of the 
system. All test were performed on flat surfaces, but it is know that a specific surface 
roughness increase the hydrophobicity of the surface. In combination with metastable 
micelles switchable superhydrophobic surfaces are accessible. 
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Chapter 7: Appendix: Synthesis of Multi-Arm-Star 
Polyglycidols of Different Architecture grafted with 
Polyacrylate Side Arms. 
 
A.1 Introduction 
In recent years the synthesis of multi-arm-star polymers has attracted considerable attention 
due to their unique bulk and solution properties in comparison to linear block 
copolymers.1,2,3 For the preparation of multi-arm-star polymers three synthetic strategies are 
described in literature: the “arm first”, “coupling onto”, and “core first” approach.4 (i) In 
case of the “arm first” strategy a preformed macroinitiator is reacted with a vinyl-type 
coupling agent. The core of the star polymer is formed by the crosslinked coupling agent 
the arms by the macroinitiator chains.5,6 (ii) The “coupling onto” method is similar to the, 
“arm first” method. First the linear polymer chains are prepared, and then the reactive 
polymer chain ends are reacted with a multifunctional coupling agent. As the number of 
arms per star polymer is limited to the number of functional groups of the coupling agent 
the star polymers are more defined than in the “arm first” approach.7,8 (iii) The “core first” 
method involves the use of a multifunctional initiator (core) which determines the number 
of arms per star polymer.9,10
 
By initiating the polymerisation of a suitable monomer the 
arms of the star polymer are generated. To further increase the number of arms per star 
polymer well defined highly branched macroinitiators such as dendrimers were used as 
macroinitiators.3,11 Unfortunately, the synthesis of dendrimers is time-consuming and 
complicated especially for higher generation dendrimers. An alternative to dendrimers are 
hyperbranched polymers with a narrow polydispersity and a predetermined molecular 
weight based on AB2 monomers.12,13 Especially the anionic ring-opening polymerisation of 
glycidol, a commercially available and highly reactive hydroxyl epoxide, has been used to 
prepare hyperbranched polyglycidols (PG).14 These hyperbranched PG were used as 
polyfunctional macroinitiator for the polymerisation of e.g. ethylene oxide15, 
ε-caprolactone16 or L-lactide.17 Another interesting approach considers the use of 
hyperbranched polyglycidols as multifunctional initiators for the atom transfer radical 
polymerisation (ATRP). Therefore, the pendant hydroxymethyl groups were transformed to 
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multifunctional ATRP initiators by a polymer analogous reaction with α-bromoisobutyryl 
bromide.18,19 Multi-arm-star polymers were received out of poly(glycidol)-block-poly(tert-
butyl acrylate)20, poly(glycidol)-block-poly(methyl acrylate)21 or poly(glycidol)-block-
poly(2-hydroxyethyl methacrylate).22 The main drawback of the hyperbranched 
polyglycidol macroinitiators is their relative high polydispersities (> 1.3), their not well 
defined architecture and the fact that primary and secondary hydroxyl groups are present in 
the structure. In contrast to dendritic structures the unsymmetrical glycidol monomer can 
propagate during polymerisation in three different ways.14 Mostly primary hydroxyl group 
propagate, so that linear 1,4 units are formed. But also secondary hydroxyl groups or both 
primary and secondary hydroxyl groups can propagate, resulting in 1,3-units or even 
dendritic structures. Additionally, the monomer unit can be deactivated by proton exchange 
and a terminal α-diol group is formed. The result is a hyperbranched polyglycidol with an 
undefined degree of branching and a variable amount of primary and secondary hydroxyl 
groups within the polymer back bone. This fact implies that active centers are located at 
different distances within the molecule, which leads to different reactivity and side 
reactions. In the case of atom transfer radical polymerization (ATRP) using hyperbranched 
polyglycidol based multifunctional macroinitiators could only be conducted to limited 
conversion (<35%), since higher conversion caused gel formation by intermolecular 
coupling reactions. This is in agreement with previous observations by Haddleton23 et al. 
and Gnanou et al.10 
An alternative approach to polyglycidols with defined molecular weight and architecture 
presents the use of protected glycidols for the preparation of linear and star shaped 
polyglycidols.24,25,26 The final polymers can easily be deprotected and possess primary 
hydroxyl groups in each glycidol repeating unit, except the last one, which determine the 
number of arms of the multi-arm-star polymer.  
The aim of this work was the synthesis of well defined linear and star shaped polyglycidols 
of the same molecular weight, synthesised via anionic polymerisation of an acetal protected 
glycidol. By using low molecular weight initiators with different functionality linear, three, 
four and six-arm-star polyglycidols were obtained. Subsequently, the transformation of the 
polyglycidols in ATRP polyfunctional macroinitiators by esterification of the primary 
hydroxyl groups with α-bromoisobutyryl bromide was achieved. The resulting 
multifunctional macroinitiators were used to initiate homopolymerisation of t-BuA and 
MA. Two different structures were obtained. Out of linear multifunctional polyglycidols 
brush copolymers were obtained, which were prepared for comparison reasons, whereas out 
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of star shaped multifunctional polyglycidols multi-arm-star polymers were synthesised 
(Scheme 1). The kinetic of the acrylate polymerisation was determined using 1H-NMR 
spectroscopy as well as by size exclusion chromatography (SEC) as analytic tools. At this 
point it should be mentioned that water soluble star brush copolymers with four arms 
composed of a poly(ethylene oxide) back bone and poly(acrylic acid) side chains have been 
reported in the literature.27 
 
 
Scheme 6: Well defined poly(glycidol-graft-acrylate) copolymers prepared from  star-shaped and 
linear polyglycidol based multifunctional macroinitiators via ATRP of acrylates. 
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A.2 Experimental 
A.2.1 Materials 
3-phenyl-1-propanol (≥ 98%, Fluka) and diglyme was destilled over sodium, 
trimethylolpropane (TMP, 97%, Aldrich), di(trimethylolpropane) (diTMP, 97%, Aldrich) 
and dipentaerythrite (diPE, 97%, Aldrich) was purified by condensation, pyridine (99.8%, 
Fluka) were stirred with CaH2 for 24 h under N2, distilled under reduced pressure, and kept 
in a Schlenk tube under N2 until use. 
Potassium tert-butoxide (1M solution in THF, Aldrich), CuBr (97%, Fluka), 
N,N,N’,N’’,N’’-pentamethyldiethylentriamine (PMDETA, 97% Fluka), dimethylsulfoxide 
(DMSO, 99 %, Aldrich), dichloromethane (DCM, 99.9%, KMF), methylethylketone 
(MEK, 99.5%, Merck), α-bromoisobutyryl bromide (98%, Acros), tetrahydrofuran (THF, 
hplc-grade, KMF) and 1,2,6-di-tert-butyl-4-methylphenol (99%, Aldrich) were used 
without further purification.Methyl methacrylate (MMA, 99%, Fluka), tert-butyl acrylate 
(t-BuA, 99%, Aldrich) and methyl acrylate (MA, 99%, Aldrich) were purified via column 
chromatography over Al2O3 (Fluka, type 5016A basic). Potassium methanolate was 
prepared by reacting potassium with methanol in toluene. The solvent was removed and a 
white powder was obtained after drying in vacuum at 50 °C. Ethoxy ethyl glycidyl ether 
(further referred to glycidol acetal) was synthesised from 2,3-epoxypropan-1-ol and ethyl 
vinyl ether according to Fitton et al.28 and purified by distillation. A fraction with a purity 
exceeding 99.8 GC% was used. All reactions were carried out in argon atmosphere (Argon 
Westfalen AG, 4.6, dried over mole sieve (4Å) and potassium on aluminium oxide). 
 
A.2.2 Synthesis of linear poly(glycidol acetal) (l-PGA) 
3-Phenylpropanol (0.27 g, 1.90 mmol) was dissolved in diglyme (7 mL) and potassium 
tert-butoxide (0,20 mL of a 1M solution in THF, 0.20 mmol) was added. The formed 
tert-butyl alcohol was removed by distillation. Glycidyl acetal (6.98 g, 47.8 mmol) was 
added and the mixture was stirred for 20 h at 120 °C. The solvent was removed in vacuum 
at 80 °C and a viscous liquid was obtained (7.30 g, 100 % yield). Mn = 4400 g/mol 
determined via 1H NMR in CDCl3; Mn = 4700 g/mol, PDI = 1.13 determined via SEC in 
THF. The experimental conditions and molecular characteristics of acetal protected 
polyglycidols are listed in Table 13 and 14. 
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.10 – 7.30 (m, 3H, aryl), δ = 4.67 – 4.72 (m, 1H, 
OCHO), δ = 3.14 – 3.69 (m, 9H, CH2OCH2CH(CH2O)O, OCH2CH3 ), δ = 2.67 (t, 2H, 
ArCH2CH2), δ = 1.88 (qui, 2H, ArCH2CH2), δ = 1.14 – 1.36 (m, 6H CH3CH2, CHCH3). 
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A.2.3 Synthesis of 3- and 4-arm poly(glycidol acetal) (3-arm-PGA; 4-arm-
PGA) 
TMP (3-arm, 0.83 g, 6.19 mmol) or DiTMP (4-arm, 1.55 g, 6.19 mmol) was dissolved in 
diglyme (15 mL) and potassium methanolate (0.130 g, 1.85 mmol, dissolved in methanol 
(1 mL)) was added. The formed methanol was removed by distillation. Glycidol acetal 
(21.69 g, 148.50 mmol) was added and the mixture was stirred for 20 h at 120 °C. The 
solvent was removed in vacuum at 80 °C and a viscous liquid was obtained (3-arm: 20.9 g, 
93% yield; 4-arm: 24.17 g, pure product + residual solvent). 3-arm: Mn = 3300 g/mol 
determined via 1H NMR in CDCl3; Mn = 3900 g/mol, PDI = 1.12 determined via SEC in 
THF. 4-arm: Mn = 3600 g/mol determined via 1H NMR in CDCl3; Mn = 4400 g/mol, PDI = 
1.09 determined via SEC in THF. The experimental conditions and molecular 
characteristics of acetal protected polyglycidols are listed in Table 13 and 14. 
3-arm-PGA: 1H NMR (300 MHz, CDCl3): δ (ppm) = 4.70 (m, 1H, OCHO), δ = 3.26 – 3.90 
(m, 9H, OCH2CH(CH2O)O, OCH2CH3 ), δ = 1.07 – 1.40 (m, 8H CH3CH2C, CH3CH2, 
CHCH3), δ = 0.83 (t, 3H, CH3CH2C). 
4-arm-PGA: 1H NMR (300 MHz, CDCl3): δ (ppm) = 4.70 (m, 1H, OCHO), δ = 3.10 – 3.90 
(m, 9H, OCH2CH(CH2O)O, OCH2CH3 ), δ = 1.07 – 1.40 (m, 8H CH3CH2C, CH3CH2, 
CHCH3), δ = 0.83 (t, 3H, CH3CH2C). 
 
A.2.4 Synthesis of 6-arm poly(glycidol acetal) (6-arm-PGA) 
DiPE (1.46 g, 5.76 mmol) was dissolved in DMSO (15 mL) and potassium methanolat 
(0.243 g, 3.47 mmol) dissolved in methanol (1 mL) was added. The formed methanol was 
removed by distillation. Glycidol acetal (20.27 g, 138.80 mmol) was added and the mixture 
was stirred for 20 h at 80 °C. The solvent was removed in vacuum at 80 °C and a viscous 
liquid was obtained (22.0 g, 101 %). Mn = 4100 g/mol, PDI = 1.07 determined via SEC in 
THF. The experimental conditions and molecular characteristics of acetal protected 
polyglycidols are listed in Table 13 and 14. 
1H NMR (300 MHz, CDCl3): δ (ppm) = 4.70 (m, 1H, OCHO), δ = 3.30 – 3.90 (m, 9H, 
OCH2CH(CH2O)O, OCH2CH3 ), δ (ppm) = 1.07 – 1.40 (m, 6H CH3CH2C, CH3CH2, 
CHCH3) 
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A.2.5 Deprotection of the acetal group (l-PG; 3-arm-PG; 4-arm-PG; 6-
arm-PG) 
The poly(glycidol acetals) (10.0 g, 3.03 mmol) were dissolved in tetrahydrofuran (1000 
mL), and aqueous 37% HCl (59 g) was added. After 5 h, the polyglycidols precipitated as 
oils. The solvent was removed and the polyglycidols were dried in vacuum at 80 °C. For 
further analytical data see Table 14. 
l-PG: 1H NMR (300 MHz, DMSO): δ (ppm) = 7.10 – 7.30 (m, 3H, aryl), δ = 4.48 (s, 1H, 
OH), δ = 3.23 – 3.76 (m, 7H, CH2OCH2CH(CH2O)O), δ = 2.60 (t, 2H, ArCH2CH2), δ = 
1.78 (qui, 2H, ArCH2CH2). 
3-arm-PG / 4-arm-PG: 1H NMR (300 MHz, DMSO): δ (ppm) = 4.54 (s, OH), δ = 3.08 – 
3.75 (m, 7H, OCH2CH(CH2O)O), δ = 1.30 (m, 2H, CH3CH2C ), δ = 0.81 (t, 3H, 
CH3CH2C). 
6-arm-PG: 1H NMR (300 MHz, DMSO): δ (ppm) = 4.54 (s, OH), δ = 3.08 – 3.75 (m, 7H, 
OCH2CH(CH2O)O). 
 
A.2.6 Synthesis of Poly(glycidyl-2-isobutyryl bromide) P(G-iBBr) 
Poly(glycidol) (1.0 g, 0.5 mmol) was dissolved in dry pyridine (5.0 g) under argon 
atmosphere and α-bromoisobutyryl bromide (10.79 g, 25.2 mmol) was added dropwise at 
0 °C. The mixture was stirred at RT for 14 h. The pyridinium salt was removed by filtration 
and the residue was dissolved in dichloro methane (20 mL). The solution was washed with 
aqueous NaCl, 5% NaHCO3 and 5 % HCl solution, stirred over MgSO4, precipitated in 
pentane (200 mL), and dried in vacuum at 40 °C. A highly viscous liquid was obtained. For 
further analytical data see Table 15. 
l-PG-iBBr: 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.10 – 7.30 (m, 3H, aryl), δ = 4.19 – 
4.37 (m, 2H, CH(CH2O)O), δ = 3.46 – 3.83 (m, 7H, CH2OCH2CH(CH2O)O), δ = 2.67 (t, 
2H, ArCH2CH2), δ = 1.94 (s, 3H, (CH3)2CBr), δ = 1.66 (qui, 2H, ArCH2CH2). 
3-arm-PG-iBBr / 4-arm-PG-iBBr: 1H NMR (300 MHz, CDCl3): δ (ppm) = 4.19 – 4.37 (m, 
2H, CH(CH2O)O), δ = 3.30 – 3.86 (m, 7H, OCH2CH(CH2O)O), δ = 1.94 (s, 3H, 
(CH3)2CBr), δ = 1.37 (m, 2H, CH3CH2C ), δ = 0.83 (t, 3H, CH3CH2C). 
6-arm-PG-iBBr: 1H NMR (300 MHz, CDCl3): δ (ppm) = 4.20 – 4.55 (m, 2H, 
CH(CH2O)O), δ = 3.33 – 3.88 (m, 7H, OCH2CH(CH2O)O), δ = 1.94 (s, 3H, (CH3)2CBr). 
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A.2.7 Kinetical studies of the homopolymerisation of t-BuA and MA with 
a PG-iBBr multifunctional initiator 
The multifunctional PG-iBBr initiator (0.1 g, 1.83 x 10-5 mol or 4.39 x 10-4 mol bromide 
groups), PMDETA (0.038 g, 2.20 x 10-4 mol), t-BuA (2.82 g, 0.022 mol) and MEK (2.0 g) 
were filled in a Schlenk tube. After complete dissolution of all components CuBr (0.032 g, 
2.20 x 10-4 mol) was added, the Schlenk tube was sealed with a rubber septum and 
immersed in an oil bath for 6 h at 50 °C. Samples were taken periodically (0, 60, 120, 180, 
240, 300, 360 min) with a syringe to determine the monomer conversion. Therefore a few 
drops of the samples were diluted in 0.6 mL ice cold CDCl3 in order to determine the 
monomer conversion via 1H NMR spectroscopy using the peaks at δ = 6.30 ppm (CH2=CH- 
for the monomer t-BuA), δ = 6.43 ppm (CH2=CH- for the monomer MA), δ = 6.10 
(CH2=CH- for the monomer MA) and for MEK δ = 2.45 ppm (COCH2- for the solvent 
peak). The polymer samples were further characterised by SEC after removal of the copper 
complex by flash chromatography on a small Al2O3 column.  
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Table 15: Molecular characteristics of poly(glycidols-2-isobutyryl bromide) 
Entry [P(G-
αBriBu)xya) 
Mn,NMR 
[g/mol] 
Mn,SEC 
[g/mol] 
Mw/Mn,SEC RUb) 
1 
3-arm- 
P(G-iBBr)23 
5000 4000 1.04 26 
2 
4-arm 
P(G-iBBr)23 
5700 4300 1.04 24 
3 
6-arm 
P(G-iBBr)24 
5900 4100 1.04 26 
4 
linear- 
P(G-iBBr)29 
6900 4700 1.15 30 
a) 
number of repeating units determined via 1H NMR b) RUf = functionalised repeating units; 
values higher than the degree of functionalisation are due to esterification of the secondary 
hydroxyl groups. 
 
A.2.8 Molecular Characterisation 
1H NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 MHz. 
Deuterated chloroform (CDCl3), acetone (CD3)2CO) or dimethylsulfoxide (DMSO) were 
used as solvents, and tetramethylsilane (TMS) served as internal standard.  
Size exclusion chromatography (SEC) analysis were carried out using a high pressure 
liquid chromatography pump (Polymer Laboratories HPLC pump, LC1120) and a 
refractive index detector (ERC 7515A) at 35 °C. The eluting solvent was tetrahydrofuran 
(THF, HPLC grade) with 250 mg/L 1,2,6-di-tert-butyl-4-methylphenol (Aldrich) with a 
flow rate of 1.0 mL/min. Four columns with MZ-DVB gel (5 µm, 300 mm, 50 Å, 100 Å, 
1.000 Å, 10.000 Å) were applied. The number-average molecular weight (Mn) and 
polydispersity index (PDI) were determined using polymethyl methacrylate standards 
calibration. 
The MALDI-TOF-MS measurements were performed with a Bruker Biflex III (re-TOF) 
MALDI-TOF (matrix-assisted laser desorption and ionisation time-of-flight) mass 
spectrometer, equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. As 
matrix α-cyanohydroxycinnamic (20 g/L) was used. Samples were prepared by dissolving 
the polymer in methanol at a concentration of 10 g/L. First, 0.5 µL of the polymer solution 
was applied on a multistage target to evaporate the methanol, and then 0.5 µL of the matrix 
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solution was added to create a thin matrix / analyte film. The ions were accelerated to 
20 kV and measured in the reflection mode of the spectrometer. 
 
A.3 Results and Discussion 
The synthetic strategy for the preparation of multi-arm-star poly(glycidol-graft-tert-butyl 
acrylate) or poly(glycidol-graft-methyl acrylate) copolymers comprises the synthesis of a 
defined polyglycidol, followed by transformation of the hydroxyl groups into a multi-
functional ATRP initiator and polymerization of the corresponding monomer (Scheme 7). 
Kinetic studies of the controlled radical polymerisation of tert-butyl acrylate (t-BuA) and 
methyl acrylate (MA) were performed using 1H NMR spectroscopy and SEC analysis for 
the determination of the monomers conversion, number average molecular weight and 
molecular weight distribution of the polymers.  
 
 
Scheme 7: Synthetic scheme for the preparation of polyglycidol graft copolymers 
A.3.1 Synthesis of linear and star shaped Poly(glycidyl-2-isobutyryl 
bromide) 
As described recently, linear and star shaped polyglycidols were obtained via ring opening 
polymerisation of glycidol acetals.26, 28 Scheme 7 displays the four steps for the synthesis of 
multi-arm-star P(G-graft-t-BuA) polymers with different architectures comprising the (i) 
synthesis of poly(glycidol acetal)s (3a-d), (ii) synthesis of the polyglycidols 4a-d by 
removal of the protective acetal groups (iii) esterification of the hydroxymethyl side groups 
of the polyglycidol resulting in the poly(glycidyl-α-bromoisobutyrate)s 5a-d and (iv) 
164   Synthesis of Polyglycidol / t-BuA Polymer Brushes 
 
polymerisation of t-BuA using the multifunctional initiators 5a-d. This last step leads to 
multi-arm-star P(G-graft-t-BuA) 6a-d. 
In the first reaction step the choice of the initiator determines whether a linear or star 
shaped poly(glycidol acetal) is obtained. For the polymerisation of the glycidol acetal 1, 
mono-, tri-, tetra- and hexafunctional alcohols were used which were partially activated as 
potassium alcoholates. The number of repeating units in the poly(glycidol acetal) was 
determined by end group analysis via 1H NMR spectroscopoy. Exemplary, for the 4-arm-
star poly(glycidol acetal) the peaks of the methyl group of the initiator (Figure 51, signal 
10, δ = 0.80 ppm) as well as proton signals of the acetal protective groups (Figure 51, 
signal 3, δ = 4.70 ppm) were used. 
 
Figure 51: Representative 1H NMR spetra in CDCl3 of a four-arm polyglycidol acetal 
All linear and star shaped polymers showed an isolated end group signal with exception of 
the six-arm-star polymer. Therefore in this case MALDI-TOF measurements were 
performed for the determination of the molecular weight. Due to the sensitivity of the acetal 
protective groups towards acid conditions, MALDI-TOF measurements were carried out on 
the deprotected polymer 4d (see later). Table 14 summarises the molecular characteritics of 
the synthesised polyglycidol acetal polymers. In a quantitative reaction well defined linear 
and star shaped polymers were obtained with a polydispersity below 1.14 and good 
agreement of the number average molecular weight estimated via 1H NMR and SEC.  
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In the second reaction step, the acid-catalysed removal of the protecting group resulted in 
linear and star shaped polyglycidols (4a-d). The deprotection was controlled via 1H NMR 
spectroscopy by disappearance of the acetal proton signals in the range δ = 1.2 and δ = 4.7 
ppm and appearance of the hydroxyl proton signals at δ = 4.6 ppm  (Figure 52). 
The number of repeating units was determined by end group analysis via 1H NMR 
spectroscopy using the integrals of the CH3-CH2 groups (Figure 52, signal 9 and 10, δ = 
1.30 and 0.80 ppm) of the initiator and the proton signals of the glycidol repeating units 
(Figure 52, signal 5,6,7, δ = 3.08-3.75 ppm).  
 
Figure 52: Representative 1H NMR spetra in DMSO of a four-arm polyglycidol  
In Table 14 the molecular characteristics for the deprotected polyglycidol are listed. In 
comparison to the protected form, the polydispersity decreased significantly, except for the 
linear polyglycidol. Additionally, the number average molecular weight determined via 
1H NMR spectroscopy corresponds with the theoretical molecular weight of 2100 g/mol 
and 2400 g/mol for the star shaped and linear polyglycidols. The strong increase of the 
number average molecular weight determined by SEC measurements was explained by the 
interactions of the hydroxyl groups with the SEC columns and/or by intermolecular 
hydrogen bonds, which could lead to a defined agglomeration of the poly(glycidol) 
molecules. This assumption was underlined by MALDI-TOF measurements of the six-arm-
star polyglycidol (Figure 53). The main peaks had a separation of 74 g/mol, corresponding 
to one glycidol repeating unit and the peak of highest intensity (1995 g/mol) represents the 
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six-arm-star polyglycidol with 24 repeating units. Here, the number average molecular 
weight fitted well with the theoretical values. Additionally, the monomodal molecular 
weight distribution indicated that no residual water, methanol or tert-butanol had initiated 
polymerisation. 
 
Figure 53: Matrix-assisted laser desorption/ionisation time of flight (MALDI-TOF) mass spectra 
(reflectron mode) of 6-arm-PG. 
In order to initiate the polymerisation of acrylates with a polyglycidol multifunctional 
macroinitiator via ATRP, the pendant hydroxyl groups had to be transformed into an ATRP 
initiator by a polymer analogues reaction. After receiving well defined linear and star 
shaped polyglycidols of nearly identical molecular weight but different architecture, the 
third reaction step comprises the esterification of the free hydroxyl group with 
α-bromoisobutyryl bromide. Pyridine was used as solvent for polyglycidol and acted also as 
acid scavenger for the hydrobromic acid condensation product. α-Bromoisobutyryl bromide 
was used in excess in order to guarantee complete conversion of the hydroxyl groups. Thus, 
it was very important to remove the non-reacted reagent in an aqueous workup by 
extracting the organic phase with aqueous NaCl, NaHCO3, and HCl. Thus it was prevented 
that residual α-bromoisobutyryl bromide would additionally initiate polymerisation of 
t-BuA or MA. Via 1H NMR spectroscopy the degree of functionalisation was calculated. 
Here, the integral of the methyl group of the tetrafunctional macroinitiator (Figure 54, 
signal 10) was set into relation to the methyl groups of the α-bromoisobutyrate group 
(Figure 54, signal 11). 
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Figure 54: Representative 1H NMR spetra in (CD3)2CO of a four-arm poly(glycidol-2-isobutyryl 
bromide) 
The molecular characteristics of the functionalised polyglycidols are shown in Table 14. 
Well defined fully functionalised P(G-αBriBu) with a narrow polydispersity of 1.04 for the 
star shaped and 1.15 for the linear functionalised polyglycidol were received. The number 
average molecular weight determined via SEC decreased in comparison to non-
functionalised polyglycidols and fit well with the values calculated from the 1H NMR 
spectra (Table 14 and 15). During functionalisation also esterification of the secondary 
hydroxyl goups can take place. Due to their lower reactivity no complete esterification of 
the secondary hydroxyl groups was expected. A functionalisation degree higher than 100 % 
indicates that some of the secondary hydroxyl groups at the chain ends were converted, too. 
 
A.3.2 Synthesis of multi-arm poly(glycidol)-graft-poly(tert-butyl acrylate) 
and poly(glycidol)-graft-poly(methyl acrylate) 
The main disadvantage of multi-arm-star polymers prepared from hyperbranched 
poly(glycidol)s obtained via anionic polymerization of unprotected glycidol results from 
the undefined structure of the final hyperbranched polyglycidol chain. These hyperbranched 
polyglycidols contain beside primary hydroxyl groups a certain number of less reactive 
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secondary hydroxyl groups which upon esterification with α-bromoisobutyryl bromide 
show incomplete conversion.  
In the present work well defined linear, three-, four- and six-arm-star shaped polyglycidols 
with narrow polydispersity and high degree of functionalisation are used as multifunctional 
macroinitiators. Kinetic studies will show differences in the atom transfer radical 
polymerisation of t-BuA and MA. For both monomers  the well investigated catalyst 
system CuBr / PMDETA was applied.29,30 To prevent side reactions and gelation during the 
polymerisation a low initiator / catalyst ratio of 2 : 1, a maximum conversion of 50 % was 
selected and acrylate instead of methacrylate monomers were used. 
 
 
Figure 55: Representative 1H NMR spetra in CDCl3 of the homopolymerisation of t-BuA with a 
multifunctional 6-arm-PG-iBBr initiator 
For the determination of the monomer conversion, the number average molecular weight 
and molecular weight distribution in the kinetic studies 1H NMR spectroscopy and SEC 
analysis was used. In Figure 55 a typical 1H NMR spectrum showing the conversion of 
t-BuA using a multifunctional 6-arm-star poly(glycidol) based initiator is shown.  
Due to low concentration of the multifunctional initiator in the polymer solution the signals 
of the initiator were not resolved. Thus, the monomer conversion was determined from 
1H NMR analysis by comparing the monomer signal to an internal standard, 
methylethylketone (MEK). A sample at the beginning of the polymerisation (t = 0 min) was 
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taken and the ratio of the monomer signals (Figure 55, signal 1) and signals of MEK 
(Figure 55, signal 6) determined and assigned to 0% conversion. As the polymerisation 
proceeds, the ratio of the signals decreases proportional to the monomer conversion.  
In Figure 56 and Figure 57 the first order kinetic plot, the evolution of polydispersity and 
number average molecular weight vs. conversion for the polymerisation of t-BuA with four 
different P(G-αBriBu) multifunctional macroinitiators are shown.  
 
 
Figure 56: First order kinetic plot of the polymerisation of t-BuA with PG-iBBr macroinitiators 
(M:I:CuBr:PMDETA = 50:1:0.5:0.5, T = 50 °C; macroinitiators: ■ = 4-arm, ● = 3-arm, ▲ = 6-arm, 
▼ = linear).  
The linear dependence of the first order kinetic plot as well as the linear increase of the 
number average molecular weight with conversion and narrow polydispersity indicated the 
controlled character of the polymerisation. The rate of polymerisation is higher for the 
linear multifunctional macroinitiator than the star shaped ones. If this higher rate is caused 
by the architecture - the sterical less demanding linear architecture should favour the 
propagation of the polymer chains - or by the slightly higher number of active sites in the 
linear polymer – 30 active sites compared to 24-26 active sites in star polymers, can not be 
decided.  In case of the more compact star shaped architecture the initiating sites are more 
difficult to reach for the monomer so that the rate of polymerisation is expected to decrease. 
From our results the differences in the polymerization rate of t-BuA with 3-, 4- and 6-arm-
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star macroinitiators can not be correlated with the steric hindrance induced by the higher 
number of star-arms. 
 
 
Figure 57: Number average molecular weight (full symbols) and polydispersity (empty symbols) as 
function of monomer conversion for the homopolymerisation of t-BuA with a 3-, 4- and 6-arm-PG-
iBBr macroinitiator (M:I:CuBr:PMDTA = 50:1:0.5:0.5, T = 50 °C). Assignments of symbols see 
Figure 56.  
With respect to the SEC analysis it was expected that more densely grafted copolymers 
derived from the star shaped macroinitiators have a smaller hydrodynamic radius than those 
derived from the linear macroinitiator. By analyzing the dependence of Mn as a function of 
conversion for each macroinitiator a linear dependence is observed the polydispersity index 
remaining at ca. 1.1. The differences in the molecular weight as determined from SEC can 
be assigned to different hydrodynamic volumes of the polymers with different architecture 
or to different initiator efficiency. At the time no data are available which could give 
information on the efficiency of initiation. Extrapolation of the Mn values to zero 
conversion leads for linear, 3-, and 4-arm-star macroinitiators to nearly the same value, 
while on extrapolation of the experimental values of Mn for the 6-arm-star macroinintiator a 
higher value is observed. At the time we assume that in a 6-arm-star macroinitiator many 
initiating sites are on the surface of the molecule. The high concentration of initiating 
(dormant) sites and an efficient initiating system results in a high concentration of active 
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radicals at the beginning of the reaction. Due to the low monomer reactivity (sterically 
hindered monomer) recombination of active sites occurs with star coupling as a 
consequence.31 In this way the molecular weight doubles at the beginning of the reaction, 
followed by a linear increase as the monomer is converted. 
Figure 58 underlines the controlled character of the polymerisation. Symmetrical SEC 
eluograms are obtained with a clear shift towards higher molecular weight with reaction 
time (monomer conversion). No side reaction took place during polymerisation since any 
tailing towards lower or higher molecular weights or bimodal distribution is observed. 
 
Figure 58: SEC elugrams of the homopolymerisation of t-BuA with a 6-arm-PG-iBBr 
macroinitiator (M:I:CuBr:PMDETA = 50:1:0.5:0.5, T= 50 °C) at t = 60, 120, 180, 250, 300 min 
(from left to right) 
In case of the polymerisation of MA with the P(G-αBriBu) multifunctional macroinitiators 
Figure 59 and Figure 60 show the kinetic data obtained. The first order kinetic plots for 
the MA polymerization (Figure 59) show for all initiators used a decrease of the slope with 
time (conversion) which indicates that the concentration of active chains decreases. Indeed, 
the kinetic plot in Figure 59 displayed no linear dependency; a second order polynomial fit 
represented the dependence of ln(M0/Mt) on time. Additionally, a higher rate of 
polymerisation was detected for MA than for t-BuA. The conversion of MA after six hours 
was about 10 % higher than to the that of t-BuA (conversion after 6 h: 41 - 50 % for MA 
and 26 – 38% for t-BuA). Since during polymerisation of t-BuA a linear dependence was 
found we assume that due to lower steric hindrance in the methyl ester than the t-Bu ester 
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intra- or intermolecular combination of active chains leads to the decrease of active sites 
and in polymerization rate. 
The dependence of Mn on conversion for each macroinitiator is linear and extrapolation of 
the experimental values to conversion zero leads to almost the same value. The differences 
in molecular weight as determined by SEC at the same monomer conversion must be 
assigned to different hydrodynamic radii of the resulting polymers. For the MA-graft 
copolymers a similarity between linear and 3-arm-star polymers and 4- and 6-arm-star 
polymers is deduced from the plot. For all polymers a low polydispersity is observed 
proving a controlled polymerisation.    
 
Figure 59: First order kinetic plot of the polymerisation of MA with PG-iBBr macroinitiators 
(M:I:CuBr:PMDETA = 50:1:0.5:0.5, T = 50 °C;macroinitiators: ■ = 4-arm, ● = 3-arm, ▲ = 6-arm, 
▼ = linear).  
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Figure 60: Number average molecular weight (full symbols) and polydispersity (empty symbols) as 
function of monomer conversion for the homopolymerisation of MA with a 3-, 4- and 6-arm-PG-
iBBr macroinitiator (M:I:CuBr:PMDTA = 50:1:0.5:0.5, T = 50 °C). Assignment of symbols see 
Figure 59 
A shoulder towards higher molecular weights implied that side reactions occurred, e.g. A 
closer inspection of the corresponding SEC eluograms for the polymerisation of MA with a 
6-arm-star P(G-αBriBu)  macoinitiator (M:I:CuBr:PMDETA = 50:1:0.5:0.5, T= 50 °C) at 
different time (Figure 61) revealed the expected shift towards higher molecular weight 
during the polymerisation, however, the peaks showed an asymmetry. A shoulder towards 
higher molecular weights is indicative for star coupling side reactions. The higher rate of 
polymerisation could be one reason for the occurrence of this side reaction, which could be 
counterbalanced by a higher dilution or a less active catalyst. 
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Figure 61: SEC elugrams of the homopolymerisation of MA with a 6-arm-PG-iBBr macoinitiator 
(M:I:CuBr:PMDETA = 50:1:0.5:0.5, T= 50 °C) at t = 60, 120, 180, 250, 300, 360 min (from left to 
right) 
 
A.4 Conclusion 
The synthesis of well defined linear and star shaped poly(glycidol acetal)s via anionic ring-
opening polymerisation is described. The “core first” strategy was applied so that by 
variation of the functionality of the initiator linear, three-, four- and six-arm-star shaped 
polymers were obtained. Nearly identical number average molecular weight (ca. 
24 repeating units) and low polydispersity, below 1.13 were determined via 1H NMR and 
SEC measurements. In two additional reaction steps the protected polyglycidols were 
transformed into multifunctional ATRP initiators. The reaction steps include the acid 
catalysed removal of the protective groups and the esterification of the hydroxyl groups 
with α-bromoisobutyryl bromide. A high degree of functionalisation was achieved as 
determined via 1 H NMR spectroscopy.  
The kinetics of the polymerisation of t-BuA and MA initiated with the well defined 
multifunctional P(G-αBriBu)  initiators was analysed via 1H NMR and SEC measurements. 
Side reactions were prevented by a low ratio of initiator to catalyst of 1 : 0.5 and a 
maximum conversion of 50 %. Although in case of MA polymerisation a linear increase of 
the number average molecular weight with conversion was observed, the SEC eluograms 
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implied star coupling reaction due to a high molecular weight shoulder throughout the 
polymerisation. The non linear dependence of the kinetic plot proved the decrease in active 
sites. In contrary the controlled character of the polymerisation of t-BuA was proven by a 
linear kinetic plot, a linear dependence of the number-average molecular weight vs. 
conversion and symmetrical SEC eluograms. In this case the synthesis multi-arm-star 
polymers based on well defined hyperbranched polyglycidols of different architecture was 
demonstrated. 
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